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Micro strip antennas usually employ two-dimensional 
microstrip-like resonator structures. They are light in 
weight, have small volume and low-profile planar configura- 
tions which can be made conformal. The major shortcoming 
of these antennas is their narrow bandwidth. A commonly 
used definition for bandwidth is the frequency range over 
which input VSWR is less than two. A rectangular patch 
antenna has a bandwidth of the order of 4 percent at 
3 GHz (substrate thickness h = 0.318 cm and e r = 2.55). 
Bandwidth of the antenna can be increased proportionately 
either by increasing the substrate thickness or by 
reducing the dielectric constant. However, the increase in 
substrate thickness is generally limited by excitation of 
surface waves and there are practical limitations in 
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decreasing the value of dielectric constant. Thus, the 
bandwidth realized is not sufficient for many purposes. 

A few configurations for improving the bandwidth have 
been reported in the literature. An improvement of 
20 percent in the bandwidth has been obtained by using 
trapezoidal structures instead of commonly employed 
rectangular structures. The bandwidth of the antenna can 
bo nearly doubled by placing quarter wavelength short 
circuit parasitic elements adjacent to the radiating 
edges of rectangular patch element or by placing parasitic 
strips parallel to the non-radiating edges of a patch 
antenna. Single food has boon used in those antenna 
structures. The bandwidth of the antenna can bo increased 
manyfolds by employing multi-fed microstrip antenna arrays 
in log-periodic or quasi-log-periodic configuration. 

In the present thesis, various configurations yielding 
broader bandwidth, from single fod antennas are proposed. 
These are ; radiating edges coupled, non-radiating edges 
coupled, and four edges coupled microstrip antennas. The 
mechanism of the coupling between the resonators can be 
either gap coupling (two resonators being placed in 
close vicinity) or direct coupling (two resonators are 
connected by a short lino section). These antenna stru- 
ctures are analyzed and optimized using Green’s function 
approach with segmentation method. In segmentation method, 
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a structure is divided into segments for which impedance 
Green’s functions are known* In gap coupled configurations, 
the gap between the coupled resonators is modelled as a 
capacitive 71 -network. The value of these capacitances is 
calculated by using formulas available for asymmetric 
coupled microstrip lines. This capacitive network model 
for the gap becomes one of the segments in the segmentation 
procedure . All series capacitances are shunted by condu- 
ctances to account for the radiation from the gap* Based 
on these designs, extensive experiments have been carried 
out around 3 GHz frequency by fabricating more than fifty 
antennas on polystyrene substrate (e = 2.55). 

In radiating edges gap coupled microstrip antennas, 
two resonators of slightly different lengths (approximately 
half wavelength) and widths equal to that of rectangular 
patch antenna, are placed adjacent to the radiating edges 
of rectangular patch element. Lengths of the parasitic 
elements, gap-width between the resonators, and location 
of the food-point are optimized to yield maximum bandwidth. 
The bandwidth of the antenna obtained experimentally is 
330 MHz (= 10 percent) for h = 0.159 cm and 510 MHz 
( = 16.9 percent) for h = 0.318 cm, which is 4.2 times the 
bandwidth of rectangular patch antenna (BW - 121 MHz) . 



In the non-radiating edges gap coupled antennas, two 
resonators of different lengths (nearly half wavelength) 
are gap coupled to the non-radiating edges of rectangular 
element. The experimental bandwidth of the antenna is 
225 MHz for h = 0.159 cm. and 480 MHz for h = 0.318 cm. 

In this configuration, the gap-width between the 
resonators is found to be much smaller ( 0.2 to 0.3 mm) 

than that of radiating edges gap coupled antennas. 

Because, in the non-radiating edges coupled case, field 
varies along the coupled edges, so coupling will be less 
for any specified gap-width as compared to the radiating 
edges coupled case where the field is nearly uniform along 
the coupled edges* 

Four edges gap coupled antennas consist of four 
parasitic elements which are gap coupled to all the four 
edges of a rectangular patch element. The lengths of the 
parasitic elements placed along the non-radiating edges 
are taken equal. Experimental bandwidth of the antenna 
Is 815 MHz (= 25.8 percent) for h = 0.318 cm, which Is 
6.7 times the bandwidth of rectangular patch antenna. 

In radiating edges directly coupled antennas, two 
resonators of different lengths are directly coupled to 
the radiating edges of rectangular patch element through 
a short microstripline section. The parameters optimized 
are s lengths of the parasitic elements, location of the 
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food-point, length and width of the connecting strip. 
Bandwidth of the antenna is 550 MHz (= 17.1 percent) 
for h = 0.318 cm. 

In case of non-radiating edges directly coupled and 
four edges directly coupled antennas, additional resonators 
are directly coupled to non-radiating edges and all the 
four edges of rectangular patch element respectively. In 
the latter case, the resonators placed along the non- 
radiating edges are of equal lengths. As the field varies 
along the non-radiating edges, the coupling will be more 
if the connecting strip is located at higher field point. 
So, the locations of the connecting strips along the non- 
radiating edges become additional design parameters along- 
with the other parameters of the radiating edges directly 
coupled antennas. Experimental bandwidths of the two 
antennas are 600 MHz (= 18.2 percent) and 810 MHz 
( = 24 percent) respectively for h = 0.318 cm. 

A comparative study of these antenna structures 
points out that the four edges gap coupled and directly 
coupled antennas yield largest bandwidth. These designs 
help in overcoming the narrow bandwidth limitations of 
microstrip antennas. 



CHAPTER ONE 


INTRODUCTION 

1,1 MICROSTRIP ANTENNAS 

The concept of microstrip antennas was first proposed 
by Des champs [ l] in 1953. But the most extensive work and 
practical applications of microstrip antennas have been 
reported only during the last decade [2] - [33]. 

The simplest configuration of microstrip antenna is 
shown in Fig. 1.1. It consists of a radiating patch (of 
any geometry) on one side of a dielectric substrate, backed 
by a ground plane on the other side. However, a large 
variety of microstrip antennas is available. These include 
patch antennas, travelling wave antennas, slot antennas, 
and dipole antennas [2] - [33], as shown in Fig. 1.2. In 
this thesis, investigations are confined to microstrip 
patch antennas. These patch antennas are two-dimensional 
resonator structures. These structures have dimensions 
comparable to the wavelength ( typically x/2) in the two 
directions but the third dimension (i.e. the thickness of 
the substrate) is much smaller than the wavelength [34]. 

Special f eatures of mi c ro s tri p i p atch antennas 

Microstrip patch antennas have numerous advantages over 
the conventional microwave antennas [30], The main advantages 


are t 
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Fig. 1*2 Various types of microstrip antennas 
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i) Microstrip antennas are light in weight, have small 
volume and low-profile planar configurations which can 
be made conformal. 

ii) The antennas can be made paper thin, and therefore can 
be mounted conveniently on missiles, rockets, and 
satellites without perturbing the aerodynamic behaviour 
of the host vehicles. 

iii) Microstrip antennas are compatible with microwave 
integrated circuits so that solid state devices like 
oscillators, amplifiers, modulators, mixers, switches, 
variable attenuators, phase shifters, etc. can be 
fabricated on the antenna substrate itself. 

iv) Both linear and circular polarizations (left or right 
handed) are obtainable. 

v) Dual frequency and multiple frequency antennas can be 
easily designed. 

vi) Feed lines and matching networks are fabricated 
simultaneously alongwith the antenna structure. 

Microstrip patch antennas also have a few disadvantages 

compared to the conventional microwave antennas. These are 

as follows i 

i) The major shortcoming of these antennas is their relati- 
vely narrow bandwidth ( typically 1 percent to 5 percent). 
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ii) Surface waves may be excited along the antenna 

substrate, resulting in radiation in undesired dire- 
ctions. These surface waves produce excessive mutual 
coupling between the elements in tho antenna arrays. 

Because of the notable advantages of microstrip 
antennas over the conventional antennas, microstrip antennas 
have been developed for several applications, e.g*, sate- 
llite communications, doppler radars, altimeters, missile 
telemetry, weapon fusing, phased array radars, satellite 
navigation receivers, biomedical applicators, etc. 

1.1,2 Methods of analy z in g m icrost rip an ten na s 

Various methods for analyzing microstrip patch antennas 
have been proposed in the literature. Some of those methods 
are applicable only for tho antennas with simple geometries, 
whereas others (tho numerical techniques) have been used 
for analyzing complicated geometries also. 

Tho simplest of all the methods is transmission line 
model, but it is applicable only to roc tang ul ar ( or square ) 
patch antennas. In this technique , tho patch is modelled 
as a transmission line, with no transverse field variation 
[3], [30], [31]. Tho radiating edges of length W are 
considered as narrow slots radiating into half space as 
shown in Fig. 1.3, Tho effective length L off of the 
rectangle, after taking into account the open-end fringing 
fields, is chosen equal to half a wavelength ( X 0 /2Ye r ) , which 
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Fig.1-3 A rectangular patch antenna modelled 
as transmission line 
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makes the two parallel radiating slots to be excited with 
equal voltages but 180° out of phase [30], The slot 
admittance [35], input impedance and resonant frequency- 
are evaluated from the slot width and the effective 
dimensions of the patch [3], [30], The input impedance 
is calculated by referring the admittance of the 
slots to the location of the feed-point as illustrated 
in Fig. 1.3(b). The radiation characteristics are obtained 
by considering the field distribution along the radiating 
edges to be uniform. 

In the modal-expansion method, the radiating patch is 
viewed as a resonator with magnetic walls [22] - [26], [31]# 
The field in the cavity is expanded in series of corres- 
ponding eigen functions. The effect of radiation and other 
losses is represented in terms of either increased effective 
loss- tangent [22] or by employing impedance boundary condi- 
tions at the walls [23], This method can bo used for 
analyzing the shapes for which eigen functions are availa- 
ble [22], [23]. 

When a patch antenna is of a simple shape, impedance 
Green's functions [34], [36] are used for analysis. Green’s 
functions are available for various simple shapes, like 
rectangle [34], circle [37], equilateral triangle, right- 
angled isosceles triangle, and 30°-60° right angled triangle 

[38] , circular sectors, annular sectors and annular rings 

[39] , [40]. In this approach, the antenna structure is 
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modelled as a multiport network, and its impedance matrix 
is evaluated using Green’s functions. In more general 
situations, when the antenna structure can be considered as 
combination of simple shapes, or if it can be considered 
as obtained by removal of one or more regular shapes from 
a larger segment (which is either a regular shape or com- 
bination of regular shapes), segmentation [36], [40] - [45] 
or de segmentation method [45] - [47] can be used for cal- 
culating Z-matrix of the multiport network. The ports of 
this multiport network are loaded with radiation conductance 
to account for the radiation from the antenna. The input 
impedance and voltage distribution along the periphery of 
the antenna (from which radiation characteristics are 
evaluated) are obtained from the Z-matrix of the loaded 
network. Details of the Green's function approach and 
segmentation method are described in Chapter Two, 

For the analysis of arbitrary shaped planar antennas, 
numerical methods such as finite element method [23], [31] 
and method of moments [48], [49] are available. In the 
finite element method, the interior and exterior regions 
of the microstrip antenna are mathematically decoupled 
through the use of an equivalent aperture admittance as 
boundary conditions. The interior electric field satisfies 
the inhomogeneous wave equation alongwi th the impedance 
boundary conditions on the perimeter walls, and these equa- 
tions are solved as variational problem [31], For analysis, 
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the antenna geometry is divided into several segments. 
Certain basis functions are used for each segment to solve 
the variational problem and the boundary conditions are 
imposed locally along the edges of the segment. The solu- 
tion is obtained numerically. 

In the method of moments, the electric surface currents 
flowing over the microstrip patch and ground planes, and 
the magnetic surface currents flowing over the magnetic 
wall are obtained from the Richmond's reaction method [48], 
[49]. Using boundary conditions for the surface currents, 
the reaction integral equation is solved by the method of 
moments. By selecting suitable expansion functions for 
electric surface currents, and electric test sources for 
magnetic currents, the reaction integral equation reduces 
to simultaneous linear equations. The coefficients of 
these equations give the elements of the impedance matrix. 

Another approach is the spectral domain analysis [50] - 
[55]. The formulation of the method [54] is based on the 
spectral domain immittanco matrix, which is derived from 
the spectral domain equivalent circuits. Galerkin's method 
is used to obtain tho solution. In case of circular disk 
antenna, the full wave analysis has been carried out using 
Hankel transform [55]* 

1.1.3 Bandwidth o f mi cro s trip an tennas 

Depending upon system objectives, the bandwidth of an 
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antenna is limited either by its radiation characteristics 
(like beamwidth, axial ratio in case of circularly polari- 
zed antennas, etc.), or by its input VSWR characteristics. 

In case of microstrip patch antennas, the resonant behaviour 
causes the bandwidth to be limited by input VSWR. For such 
antennas, bandwidth is usually specified [30] as the fre- 
quency range over which the input VSWR is less than two. 

A typical bandwidth of a rectangular patch antenna is of 
the order of 2 percent at 3 GHz frequency (substrate thick- 
ness h = 0.159 cm, e r = 2.55). 

The input impedance characteristics of microstrip patch 
antennas can bo understood by viewing them as resonators. 

The frequency range over which a resonator can be matched 
to an input transmission line is related to its Q-f actor. 

The higher the Q-factor, the lower is the input matching ! 

bandwidth. Thus the input impedance matching bandwidth can be 
increased by increasing the losses in the resonators. Resonators 
for microstrip antennas experience four types of losses: (i) con- 
ductor losses in the patch and the ground plane, (ii) dielectric j 
losses in the substrate dielectric material, ( iii) losses due to j 
the surface waves excited on the substrate, and (iv) losses 
because of the radiation of electromagnetic energy. Highest 
antennas efficiencies are obtained when conductor , dielectric, ; 
and surface wave losses (i, ii and iii) are negligible as 
compared to the radiation loss (iv). Thus any attempts 
of increasing the antonna bandwidth should increase radia- 
ted power for a specific energy storage in the resonator. ; 
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For single resonator microstrip patch antennas, power 
radiated from the fringing fields at the periphery of the 
antenna depends upon several parameters. If the thickness 
of the dielectric substrate is increased, the fringing 
field and the radiated power increase. The antenna band- 
width is found to increase linearly with the substrate 
thickness. However, for thicker substrate, the power loss 
due to the excitation of surface wave increases and put an 
upper limit on the thickness of the substrate that can be 
used at a given operating frequency. Decrease in the 
dielectric constant of the substrate increases the fringing 
field. So, radiated power and hence the bandwidth increase 
correspondingly. Therefore, low dielectric constant substrates 
are used for microstrip antennas. Percentage bandwidth 
is found to increase linearly with frequency. With increase 
in the frequency, the resonant length of the antenna and 
hence the energy storage decreases, consequently the band- 
width increases. Also the bandwidth increases with increase 
in tho width W of the radiating edge of the rectangular 
patch. As the width increases, the radiated power and energy 
storage in the resonator increase. The increase in the 
radiated power is more than tho increase in tho energy 
storage, so the bandwidth increases slightly. But for 
larger widths, higher order modes may get excited causing 
field distortions. Thus, the bandwidth of the rectangular 
patch antenna is limited and is not sufficient for many 
applications. 
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1.2 CONFIGURATIONS FOR IMPROVING THE BANDWIDTH 

Various configurations have been reported in the 
literature to improve the bandwidth of the antenna by 
modifying the basic rectangular element. Some of these 
configurations are described in this section. 

1.2.1 Di ag ona l f ed ne ar ly squ are pa tch ante nna s 

The bandwidth of the microstrip antennas can be 
increased by coupling the two-spatially orthogonal modes 
in rectangular resonators [56]. For a nearly square patch 
of dimensions 1^ and 1^ (shown in Fig. 1.4(a)), two modes 
are resonant at nearby frequencies f^ and f 2 « The antenna 

t 

is fed along the diagonal so that the input signal can be 
coupled to any one of the two modes. By optimum selection 
of lengths 1^ and 1 2 , and feed-point location, VSWR band- 
width of the antenna can be increased to more than twice 
that of a single patch. The main disadvantage of this 
design is that the direction of polarization gets shifted 
by 90°, when the frequency of operation is changed from 
f 1 to f 2 [44] . 

1.2.2 Trapezoidal shaped microstrip antenna 

mm mm m m ,Mm K l i m 1 Iii bhi iii i ii i' mm " » kh " i m i il l MW M l W » t»m W . m in' M W % 'l l ■ — H W i 

The bandwidth of microstrip antennas can be increased by 
using trapezoidal structures instead of commonly employed 
rectangular structures [57]. A trapezoidal shaped antenna 
of length 1^ at one edge and length 1 2 at the other parallel 
edge is shown in Fig. 1.4(b). It is expected that a portion 
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of the width nearer to smaller side will be resonant at 
higher frequency and nearer to larger side will be resonant 
at lower frequency. However, because of tight coupling 
between these two resonances, one gets a single resonant 
frequency instead of multiple resonance behaviour. About 
20 percent improvement in the bandwidth has been reported 
on the basis of initial experiments, when the difference 
between the lengths 1^ and 1^ is small [57], [44], 


1.2.3 Shor t-ci rcu it qu a rt e r wa ve leng th_parasi ti c elements^ co u- 
pled to t h e radia tin g ed ge s of re ctan gu l ar pa t ch 
antenna 


It has been reported that by coupling the short-circuit 
parasitic elements to the radiating edges of the rectangular 
patch antenna (as shown in Fig. 1.4(c)), the bandwidth of 
the antenna can be approximately doubled [58]. This pheno- 
menon can be explained in terms of antiphase resonance 
condition between the driven patch and the parasitic element, 
which makes the radiated power to be four times that of the 
individual patch. However, the stored energy is only doubled, 
and since the bandwidth of the antenna is proportional to the 
ratio of radiated power and stored energy, it becomes nearly 
double that of the single patch element. 



15 


1.2.4 Parasitic strips placed parallel to the non-radiating 
edges of sq ua re patch a ntenna 

By placing narrow parasitic strips parallel to the 
non-radiating edges of square patch antenna, as depicted 
in Fig* 1.4(d), matching to 50 ohms feed-line and bandwidth 
of the antenna can be improved [59], [31]. The parasitic 
strips are taken slightly longer than the patch, and the 
separation between the strips and patch should be 2.5 to 
3 times the substrate thickness to yield best performance 
[59]. The bandwidth of the antenna is found to be more . 
than twice that of corresponding single patch element [60]. 

1.2.5 Lo g- per iodic m ic ro st rip an tenna 

The bandwidth of the microstrip antennas can be 
increased manifolds by employing multi-fed microstrip 
antenna arrays in log-periodic and semi-log-periodic confi- 
gurations. 

In log-periodic microstrip antenna configuration 
(depicted in Fig. 1.5(a)), broader bandwidth is obtained by 
series feeding a linear array of microstrip patch resonators, 
whose size and spacing increase in the log-periodic manner 
[61]. At lower frequencies, patches of larger sizes are 
excited, and form an active region. As the frequency in- 
creases, this active region moves along the array (i.e. , 
towards the patches of smaller sizes). An array of 9- 
olementa, using electromagnetic coupling between the feed 
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line and the overlaid resonators, yields a bandwidth 
of the order of 30 percent at nearly 8.9 GHz centre 
frequency [61] . 

1 . -2 . 6 Qu asi-l o g-periodic microstr ip ante nna 

A lay-out of the quasi-log-periodic antenna is 
shown in Fig. 1.5(b). In this configuration, the 
patch resonators are scaled log-periodically, and they 
are directly fed by micro strip line in one-layer structure 
instead of two-layer structure in case of log-periodic 
microstrip antenna [62]. The branch-lines are designed • 
as quarter-wave transformers, which transform the resonant 
input impedance of the corresponding patch resonators to 
50 ohms. An experimental bandwidth of 22 percent is 
obtained for VSWR < 2,6 at nearly 3 GHz frequency, which 
is nearly ten times the bandwidth of single element. 

The bandwidth of the antenna can also be increased 
by using multilayer structures [63] or by using arrays of 
stagger- tuned resonators [64]. For a two layer structure, 
a bandwidth of 13 percent is obtained when a 3.9 mm x 3.9 mm 
patch on alumina ceramic substrate (h = 0.625 mm and e r - 9.8) 
is covered by an 8 mm x 8 mm x 1.59 mm polyguide substrate 
( e r = 2.32), which then serves as a matching transformer to 
free space [31], [63]. A bandwidth of 18 percent can be 
obtained by using three layers. 
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1.3 PRESENT INVESTIGATIONS 

The investigations reported in this thesis are aimed 
at the development of the various microstrip antenna confi- 
gurations to yield broader bandwidth. These antenna confi- 
gurations have been designed, analyzed and optimized using 
the Green’s function approach and the segmentation method, 
described in Section 1.1.2. 

A detailed review of the Green’s function approach and 
the segmentation method Is presented in Chapter Two. In 
this approach, the antenna configuration is considered as 
a multiport network, which is obtained by dividing the 
periphery of the antenna into a finite number of ports# 

Z-matrix for this multiport network is calculated by 
employing an appropriate Green’s function. For more compli- 
cated shapes, segmentation method is used, which involves 
breaking up of the antenna configuration into segments for 
which Green's functions are known. To account for the 
radiated power from the antenna, the ports of the multiport 
network are loaded with radiation conductances. The Z- 
matrix of the loaded multiport network yields input Impedance 
and voltage distribution along the periphery, which in turn, 
is used to calculate radiation characteristics of the antenna* 
This approach has been used for analyzing rectangular patch 
antenna. Effects of changing the width of the rectangular 
element and substrate thickness on the bandwidth of the antenna 
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are studied. Experiments have been carried out for two 
different values of width of the rectangle and for two 
different substrate thicknesses. The experimental results 
are found to be in good agreement with the theoretical 
results. 

In the next four chapters, six types of broadband 
microstrip antennas, which are developed during the present 
investigations, are analyzed and optimized using the 
Green's function approach and the segmentation method. 

These antenna configurations are : radiating edges coupled, 
non-radiating edges coupled and four edges coupled micro- 
strip antennas. Both gap coupling and direct coupling 

between the resonators are considered separately for these 

,«* 

three configurations as depicted in Figs. 1,6 and 1.7. 

These antenna structures consist of multiple resonators of 
slightly different lengths. So, at any specified frequency, 
one resonator gets excited, and at nearby frequencies, other 
resonators are excited, thereby yielding broader bandwidth. 

The details of the investigations carried out on radia- 
ting edges gap coupled microstrip antennas are described in 
Chapter Three. In this structure two resonators are placed 
adjacent to the radiating edges of the rectangular patch 
element. The gap between the resonators is modelled as a 
capacitive n-network. This capacitive network model becomes 
one of the segments in the segmentation procedure. The effect 
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(a) Radiating edges gap coupled microstrip 
antenna 



(b) Non-radiating edges gap coupled microstrip 
antenna 



(c) Four edges gap coupled microstrip antenna 

Fig. 1-6 Various gap coupled microstrip antenna 
structures 
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(a) Radiating edges directly coupled microstrip 
antenna 



(b) Non-radiating edges directly coupled microstrip 
antenna 



(c) Four edges directly coupled microstrip antenna 

Fig. 1-7 Various directly coupled microstrip antenna 
configurations 
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of the various antenna parameters (like lengths of tho 
parasitic elements, gap between the resonators, and feed- 
point location) on tho input impedance locus is studied. 
Experiments have boon performed to study some of these 
effects. A broader bandwidth is obtained by optimizing the 
above parameters, and has been verified experimentally. 
Radiation pattern for the optimum design is calculated and 
measured. 

Chapter Four deals with tho analysis, design and 
optimization of non-radiating edges gap coupled and four 
edges gap coupled microstrip antennas. In these two confi- 
gurations, the additional resonators are gap coupled to the 
non-radiating edges and all the four edges of rectangular 
patch element respectively. The effect on the input impedance 
locus due to change in tho antenna parameters (such as, 
lengths of tho parasitic elements, gaps between tho patch 
and parasitic elements, and location of the feed-point) is 
investigated. These parameters are then optimized to yield 
wider bandwidth and based on those designs, experiments have 
been carried out. 

Analysis and design of radiating-edgos directly 
coupled microstrip antennas are reported in Chapter Five, and 
that of non-radiating edges directly coupled and four edges 
directly coupled microstrip antennas are contained in 
Chapter Six. In these three antenna structures, parasitic 
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resonators are directly coupled to the radiating edges, non- 
radiating edges and all the four edges of rectangular patch 
element respectively, through short sections of microstrip 
line. The effect of varying the antenna parameters 
(lengths of the parasitic elements, connecting strips 
dimensions, and locations of the connecting strips and 
feed point) on the input impedance locus are observed. The 
results obtained from these observations are utilized for 
performing the experiments to get broader bandwidth. 

The Seventh and the concluding chapter discusses the 
significant results reported in the thesis and gives 
suggestions for further extension of this work. 



CHAPTER TWO 


GREEN'S FUNCTION APPROACH, SEGMENTATION METHOD, 
AND RECTANGULAR PATCH ANTENNAS 


Green’s function approach [34] is a useful technique 
for analyzing two-dimensional planar circuits. This approach 
is basically applicable to simple shapes for which Green's 
functions are available. However, by using segmentation 
method, this technique has been extended to analyze two- 
dimensional components, which can be considered as combina- 
tion of simple shapes [40] - [42]. Recently, this technique 
has been used for analyzing planar microstrip antennas also 
[36], [43] - [45]. As this approach has been used for the 
investigations reported in this thesis, a brief review of 
the method is presented in the following section. 

2.1 GREEN'S FUNCTION APPROACH 

The problem of analyzing microstrip antennas can be 
divided into two parts. Firstly, for a given location of 
the feed-point, one calculates the voltage distribution along 
the periphery of the antenna. This voltage distribution can 
then be expressed as an equivalent magnetic current distri- 
bution and the far fields are calculated using Kirchoff- 
Huygen's formula. For calculating the voltage along the 
periphery of the antenna, the Green's function approach is 
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employed. Green's functions are available for rectangles 
[34], circles [37], equilateral triangles, r|.ght-angled 
isosceles triangles, 30°-60° right-angled triangles [38], 
circular sectors, annular sectors and annular rings [39], 
[40]. 

The procedure for analyzing micro strip antennas is 
illustrated in Fig. 2.1. For the analysis purpose, an 
equivalent network model of the antenna is considered. To 
obtain this model, the physical boundary of the antenna 
structure is extended outward to account for the open-end 
fringing fields [30 ] , [ 6 5] , and a magnetic wall is con- 
sidered to exist at this boundary. This magnetic wall 
boundary is divided into several sections of finite 
widths and each section is considered as a port of the 
multiport network. The width of these ports is selected 
such that the variation of the field along this part of 
the periphery is small. So, the number of ports considered 
along any edge depends upon the field variation along 
that edge. These ports along the periphery of the antenna 
alongwith the feed-port (or ports) constitute a multiport 
network model of the antenna. The impedance matrix of 
this multiport network model is obtained by using an 
appropriate Green's function. The diagonal element z n 
of the impedance matrix gives the input impedance at the 
ith port. The poles of the input impedance yield the 
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resonance frequencies of the planar structure. The element 
Zfj gives the voltage at the ith port for a unit input 
current excitation at the jth port. 

The ports along the periphery of the multiport 
network are terminated with conductances [l8] ,[30] , [66] to 
account for the radiated power from the antenna, as shown 
in Fig. 2,1. The values of the radiation conductances which 
terminate the ports are calculated as follows : 

i) The radiation conductance for each of the four sides of 
the planar model of Fig. 2.1 is calculated; ii) this 
radiation conductance is distributed to each of the 
ports along the periphery, the values being proportional 
to the portwidths; iii) the conductances thus obtained 
are considered to be connected at the mid-points of the 
respective ports. 

The next stop involves (i) finding the input impedance 
of the loaded equivalent multiport network at the feed-point 
F, and ii) calculating the voltages at the various ports on 
the periphery of the loaded network. For this purpose 
segmentation method is used. 

2.2 SEGMENTATION METHOD 

Consider an example of loaded equivalent network model 
of rectangular patch antenna shown in Fig. 2.1. The multiport 
network representing the planar element is considered as one 
segment (a) and radiation conductance multiport network (p) as 
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another segment as illustrated in Fig. 2.2. The entries 
in the Z-matrix of the p-sogment are all zeros except the 
diagonal elements Z.^, which are equal to inverse of the 
radiation conductances of the corresponding i-ports. The 
Z-matrix of the loaded network is calculated from the Z- 
matrices of the individual sub-components using segmentation 
method as follows [42], [45] : 

Z-ma trices of the individual sub-components are 
expressed in a single matrix equation after regrouping the 
connected ports (denoted by subscripts c and d) and external 
port/ports (denoted by a subscript p) separately [42]. This 
yields 
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where the bar (-) below the letters indicates a matrix or 
a multi-dimensional vector. The interconnections can bo 

expressed as 

V c = v d , i c =-A d (2.2) 

Substituting (2.2) in (2.1) and eliminating v pf v c and Ad> 
one gets 

i a Z’ i 
— c — cp — p 


(2.3) 
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Fig. 2-2 Segmentation for analyzing the loaded 
multiport network model of Fig. 2-1 
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where 

Zip - <Z CC - Z cd - Z dc + Z^)- 1 (Z dp - Z cp ) (2.4) 

Substituting (2.3) into the first equation of (2.1) and 
using ± c = -i^, the Z-matrix for the overall network is 
obtained as 





- 2 pd )2i p 


(2.5) 


For a single external p-port, Z p directly yields the input 
impedance of the antenna. 'For more than one external p- 
ports, the diagonal elements Z^ of the impedance matriz Z^ 
give the input impedances at the i- ports. 


Voltages v c ( = v d ) at the connected c-ports can be 
obtained by substituting (2.3) into the second equation of 

( 2. l) as 


v = [Z_ + (Z_ - Z j )Z ' ] i (2.6) 

— c L — cp v —cc —cd' cp J — p 

The radiation pattern of the antenna is calculated from 
the voltage distribution along the periphery as described 
in the following section [45]. 

2.3 RADIATION PATTERN CALCULATIONS 

The voltage at any port along the periphery, given by 
(2.6), can be expressed as equivalent Huygen's magnetic 
current source [22], 


I* * -2(7i x £)E„ 

<c* 


(2.7) 
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where K* is the surface magnetic current density, n is the 
outward unit vector normal to the magnetic wall, z is 
the unit vector along z-axis, and E z is tho electric field 
at the respective port location directed along z-axis. 

The relative orientation of the vectors K’ , n and H are 
shown in Fig. 2.3(a). The image of the magnetic current 
with respect to the ground plane is accounted by introducing 
a factor of 2 in (2.7). In the case of planar microstrip 
antennas, the thickness of the substrate is generally small 
and therefore the field E z is assumed to be constant along 
tho z-dircction, thus (2.7) becomes 

K = 2( n x z)V z (2.8) 

where K represents the equivalent magnetic line current 
source which is obtained by integrating (2.7) over the 
thickness of the substrate, and V is the voltage at the 
corresponding port location. The electric vector potential 
for the magnetic current, given by (2.8), can be expressed 
as 

F<r) = e f -ML e - Jk ° lr ~ r ' 1 dl(r,) (2.9) 

c 4n I r-r T I 

where r and r' are tho distance vectors of the field point 
and source point respectively as shown in Fig. 2.3(b). The 
integral is performed along the periphery of the antenna. 

As the voltage Is nearly uniform over a port width, (2.9) 
reduces to 
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Fig. 2*3 (a) Orientation of electric field and 
magnetic current vectors 

(b) Co-ordinate system 
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where m is the number of ports considerocl on the periphery 
of the antenna. The integration is thus performed over each 
portwidth and summed up to evaluate the electric vector 
potential. The far fields at a distance r from the origin 
are obtained as 


Hq = -jk Q ( F^. sing? - F y cosg) ( 2 . 11 a) 

c _ -jr, fp cos 9 + F sincp) cos© (2.11b) 

n cp ~ ~ J o^ r X y 

where "F^ and *F are x and y components of the electric 
vector potential *F(r). The two radiation fields E^ and 
are in space-quadrature, and after calculating their ampli- 
tudes and phases from (2.11), the polarization pattern can 
be evaluated in any direction and plane. 

2.4 RECTANGULAR PATCH ANTENNAS (RPA) 

In this section. Green's function approach and segmen- 
tation method are used to analyze and design rectangular 
patch antennas (RPA). The effects of changing some of the 
parameters on the bandwidth of RPA are studied, which will 
be useful for the analysis and design of the various 
antenna structures (for improving the bandwidth of the 
antenna), discussed in Chapters Three to Six. For the 
comparison of the bandwidth obtained in the cases of various 
antennas structures described in the later chapters with the 
bandwidth of RPA, these studies are necessary. 
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2.4.1 A nalys is 

A rectangular patch antenna with a co-axial feed is 
shown in Fig. 2.4(a). The analysis method discussed above 
is used for analyzing RPA. The magnetic wall boundary, 
obtained by extending the physical boundary of the antenna 
outward to account for the fringing fields at the open-ends 
[65], is divided into several ports as shown in Fig. 2.4(b). 
The widths of these ports are considered such that the 
field variation along each portwidth is small. It is noted 
that six ports are needed along the non-radiating edges 
(as the field varies sinusoidally along the length), and 
only two ports are needed along the radiating edges (as 
the field is nearly uniform along the width) for the analysis. 
By considering these many ports, the input VSWR obtained 
is correct up to three decimal places. If more number of 
ports are considered, accuracy will be better but the 
computation time required for analysis increases. The 
ports of the multiport network are terminated with the 
conductances to account for the radiated power [66]. Z- 
matrix of the loaded multiport network model is calculated 
from the Z-ma trices of the two segments (namely, planar 
model of the rectangular element and radiation conductance 
network) by using (2.5). 
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Fig. 24 (a) Rectangular patch antenna and 
(b) its segmented network 
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In order to select a feed-point location for which 
the input impedance is 50 ohms, the analysis is carried out 
with various possible locations of the feed-points considered 
as external ports in the antenna configuration shown in 
Fig. 2.4(b). The widths of the feed-ports are taken equal 
to the diameter of the pin of co-axial feed line or equal 
to the width of the feed-line in case of microstrip feed. 

The Z-matrix is evaluated with respect to these external 
ports. The diagonal elements of the Z-matrix give input 
impedances at the feed-locations. For a unit current 
excitation at the feed-port, the voltage distribution along 
the periphery is obtained from (2.6). The electric vector 
potential is calculated using (2.10) and the far fields are 
evaluated from (2.11). 

2.4.2 Bandwidth 

For a RPA, the bandwidth is limited by input VSWR and 
it may be defined as the frequency range for which VSWR 
remains loss than two. The VSWR is calculated from the 
input impedance at the feed-point locations. The effects 
of some of the parameters of RPA (like feed-point location, 
width of the rectangle, and substrate thickness), on the 
bandwidth of the antenna are discussed below. 

Effect of feed-point location 

For three different feed-point locations with patch 
dimensions : L - 2.9 cm and W = 4.0 cm, and substrate parameters: 
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h = 0.318 cm and e r = 2.55, the input impedance loci and 
variation of VSWR with frequency are plotted in Figs. 2.5 
and 2.6 respectively. As the feed-point location 1 a* 
decreases from 0.86 cm to 0.65 cm (i.e. the feed-point 
location is shifted towards the nearer edge of the 
rectangle), the impedance locus shifts towards the right 
side of the Smith chart, and the bandwidth of the antenna 
increases from 100, MHz to 123 MHz. Because by shifting the 
feed-point location near to the edge, the value of the 
field increases, so the input impedance increases. This 
results in shifting the impedance locus towards the right 
side of the Smith chart. For a = 0.65 cm, the impedance 
plot crosses the VSWR = 2 circle along the diameter, so the 
bandwidth is maximum, but tho input impedance is not 
matched to 50 ohms lino at any frequency. 

Ef fe c t of w id th 

Variation of VSWR with frequency for three different 
widths (W = 2.0, 3.0 and 4.0 cm) of a RPA with length 
L « 2.9 cm, e r = 2.55 and h = 0.318 cm, is plotted in 
Fig. 2.7. The feed-point locations to match input 
impedance to 50 ohms at centre frequency, are found to be 
different for the three cases. From the VSWR plots, it is 
noted that with increase in tho width of the RPA from 
2.0 cm to 4.0 cm, centre frequency decreases from 2.99 GHz 
to 2.91 GHz, and the bandwidth of the antenna increases 
from 97.5 MHz ( = 3.25 percent) to 115 MHz (= 3.95 percent). 




H — 2*9 cm — **4 



£ r ~ 2-55 
h =0-318cm 


-HQ K 
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Fig. 2-6 VSWR variation with frequency of RPA for 
three different feed-point locations 
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Fig.2-7 VSWR variation with frequency for three 
different widths of RPA 
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When the width is increased, the value of effective 
dielectric constant and extension in the length increases. 
Both of these changes result in the decrease of centre 
frequency. With increase in the width, the value of 
radiation conductance increases, which increases the 
radiated power. This decreases the quality factor and 
hence the bandwidth is increased. 

Experiments have been performed on RPA with two 
different widths (W = 2.0 cm and 4.0 cm). Polystrene 
substrates of 0.318 cm thickness have been used for 
carrying out the experiments. The measured values of 
of the substrates are found to be 2.55. The measurement 
method used is described in Appendix A. Experimental 
variations of VSWR with frequency for the two widths are 
plotted in Figs. 2.8(a) and (b) respectively. For compa- 
rison, theoretical values of VSWR versus frequency are also 
plotted in these figures. The experimental values of centre 
frequency are in close agreement with the theoretically 
predicted values. The measured bandwidths of RPA for 
W = 2.0 cm and W = 4.0 cm are 109 MHz and 133 MHz res- 
pectively, which are slightly greater than the theoretical 
values. This is due to the fact that conductor losses, 
dielectric losses, and losses duo to the surface wave 
propagation are ignored in the analysis. 
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(a) 



(b) 

Fig, 2-8 Theoretical ( ) and experimental ( ) 

variations of VSWR with frequency of 

RPA with width (a) W = 2-0cm and (b)W*4-0cm 
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Effect of s ubst rate th ic knes s 

For a RPA with patch dimensions (L = 2.9 cm and 
W = 4.0 cm), variations of VSWR with frequency for two 
different substrate thicknesses (h = 0.159 cm and 
0.318 cm) are plotted in Fig. 2.9. The value of e r for 
the two substrates is taken as 2.55. The locations of the 
feed-point for the two cases to obtain unity VSWR at 
centre frequency, are found to be different. From these 
plots, it is observed that as the substrate thickness 
increases from 0.159 cm to 0.318 cm, the centre frequency 
decreases from 3.023 GHz to 2.91 GHz, and the bandwidth 
of the antenna increases from 59.4 MHz to 115 MHz. With 
increase in the substrate thickness, the extension in the 
length (to account for the open-end fringing fields) 
increases. Thus the effective length of the RPA increases, 
resulting in decrease of the centre frequency. When the 
substrate thickness increases, quality factor decreases, 
and therefore the bandwidth increases. 

Experiment has been carried out on RPA with substrate 
thickness h = 0.159 cm. Other dimensions of the antenna 
are depicted in Fig. 2.10 (inset). Theoretical and experi- 
mental variations of VSWR are plotted in Fig. 2*10. The 
measured bandwidth of the RPA is 62 MHz (2.05 percent, 
centre frequency f Q = 3.021 GHz), which is slightly more 
than the theoretical value (BW = 59.4 MHz). 
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Fig. 2*9 VSWR variation with frequency of RPA for 
two different substrate thicknesses 



Fig.2t0 Theoretical ( — ) and experimental ( — ) 

variations of VSWR of RPA for h =0*1 5 9 cm 
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2.4.3 Ra diat ion patt er n 

Radiation pattern of tho RPA shown in Fig. 2.10, is 
calculated in both 9 = 0 ° and 9 = 90° planes at centre 
frequency by using (2.11). It is noted that only Hq 
component of the radiation field is present in 9 = 0 ° plane, 
and only E^ component is present in 9 = 90° plane. Eq 
9 - s= 0° plane and E^ in 9 = 90° plane are plotted in Figs. 
2.11(a) and (b) respectively. Tho values of tho 3-db beam- 
width in 9 = 0° and 9 = 90° pianos are 100° and 72° 
respectively. 

Radiation pattern of tho above antenna is measured in 
both 9=0° and 9 = 90° pianos. Experimental set-up for 
measuring tho field components E^ and E^ in a plane, is 
shown in Fig, 2.12. To measure tho fields in tho ortho- 
gonal plane, the antenna is turned by 90°. The measured 
values of Eq in 9 = 0 ° plane and E^ in 9 = 90° plane are 
also plotted in Figs. 2.11(a) and (b) respectively. The 
values of tho 3-db beamwidth in 9 = 0° and 9 = 90° planes 
are 82° and 56°. Those experimental values of beamwidth 
are somewhat smaller than tho theoretical values. For E Q 
component of tho radiation field in 9 = 0 ° plane, the 
experimental values are much less than the theoretical 
values for © > 60°. Such discrepancy has been observed 
by other investigators also [ 16 ], [45]. This decrease in 
the value of Eq may be duo to i) the excitation of surface 
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Fig.2'11 Theoretical and experimental values of 

(a) Eq in <f>= 0 plane and (b) E<j> in <t»=90* plane 
of RPA shown in Fig. 210 (inset) 



Antenna under test 



Fig. 2-12 Experimental setup tor radiation pattern measurement 
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waves which cause flow of power along the substrate 
surface and ii) because of the presence of finite ground 
plane. 

When the width of the RPA decreases (from W = 4.0 cm 
to 2.0 cm), 3-db bearnwiclth in 9 = 90° plane increases 
slightly, but in 9 = 0° plane, it remains unaltered. With 
the increase in substrate thickness (from h = 0.159 cm to 
0.318 cm), there is no appreciable change in the beamwidths 
in the two planes. 

2.5 DISCUSSION 

The Green's function approach and the segmentation 
method described in this chapter are used later in Chapters 
Throe to Six for analyzing gap coupled and directly coupled 
microstrip antennas. Results for the bandwidth of RPA 
reported in Section 2.4 servo as a reference for evaluating 
the performance of wideband microstrip antennas discussed 
in the later chapters of this thesis. 



CHAPTER THREE 


RADIATING EDGES GAP COUPLED MICROSTRIP ANTENNAS 

(REG COMA) 

In this chapter, the investigations carried out on 
radiating edges gap coupled microstrip antenna (REGCOMA) 
are reported. The antenna has been analyzed using Green’s 
function approach and segmentation method described in 
Chapter Two. The coupling gaps between the coupled resonators 
are modelled as capacitive m-networks. The values of these 
capacitances are calculated from the formulas available for 
asymmetric coupled microstrip lines [67], All the series 
capacitances in the capacitive m-network are shunted by 
conductances, to account for the radiation from the gap. 

This u-network model of the gap becomes one of the seg- 
ments in the segmentation procedure. The REGCOMA has been 
optimized to give maximum bandwidth. 

3.1 MULTIPLE RESONATOR STRUCTURES 

Radiating edges gap coupled microstrip antennas 
(REGCOMA ) consist of multiple resonators. At some frequency, 
one resonator will be resonant and at nearby frequencies, 
other resonators will be resonant, thereby yielding a broader 
bandwidth. To explain this consider an example of a rectan- 
gular resonator and two gap coupled resonators, shown in Figs. 
3. l( a)and(d) respectively. The rectangular resonator is 
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Fig.31 (a) Rectangular resonator, (b) its lumped 

representation, and (c) resonance curve; 
(d)Gap coupled resonators, (e) their lumped 
representation and (f) resonance curve 
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represented by a parallel resonant LC circuit (Fig, 3. 1(b)), 
and its resonance curve (i.e, impedance versus frequency 
response) is shown in Fig. 3.1(c). The coupled resonators 
can be represented by two resonant parallel LC circuits 
connected by a capacitance as depicted in Fig. 3.1(e). 

The resultant resonance curve may have a hump in the 
resonance curve for the over coupled case, as shown in 
Fig. 3.1(f). It can be noted from the two resonance curves 
that the coupled resonators have larger bandwidth as compared 
to the single resonator. So, by choosing the proper coupling 
between the resonators, the bandwidth of the antenna can be 
increased. 

The mechanism of the coupling between the resonators can 
be either gap coupling or direct coupling. Two resonators 
which are directly coupled through a short section of micro- 
strip line, are shown in Fig. 3.2. These directly coupled 
resonators are represented in a similar way as the gap 
coupled resonators, by two parallel resonant circuits. The 
only difference is that these resonant circuits are now 
connected by an inductance Instead of a capacitance. In 
this case also, the resonance curve can have a hump by 
choosing the proper coupling between the resonators. Thus 
the directly coupled antennas will also yield broader band- 
width than the single rectangular patch antenna. If more 
than two resonators are coupled, then the resonance curve will 
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Fig. 3*2 (a) Directly coupled resonators and 
(b) their lumped representation 
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have multiple humps, so the bandwidth of the antenna will 
further increase. 

The various wide-band antenna structures studied in 
this thesis are shown in Figs. 1.6 and 1.7. The structures 
shown in Fig. 1.6 are radiating edges gap coupled, non- 
radiating edges gap coupled, and four edges gap coupled 
microstrip antennas. Fig. 1.7 shows radiating edges 
directly coupled, non-radiating edges directly coupled and 
four edges directly coupled microstrip antennas. These 
antenna structures work on the multiple resonance principle. 

3.2 MODELLING OF THE COUPLING GAPS 

A gap coupled microstrip antenna with two resonators 
is shown in Fig. 3.3(a). The coupling gap between the 
coupled resonators is modelled by a multi- terminal network 
as shown in Fig. 3.3(a). Capacitances 0^,02 and C g consti- 
tute the capacitive rc-network representing the gap capaci- 
tances. The values of these gap capacitances are obtained 
using the formulas for asymmetric coupled microstrip line 
•[67]. The expressions for calculating these capacitances 
are given in Appendix B. The number of -n-subnetworks in 
each gap model is equal to the number of sections into which 
the coupled edges are divided for analysis by segmentation 
method. In order to account for the radiation from the 
gap, all the series capacitances C are shunted by condu- 
ctances as shown in Fig. 3.3(b). The values of these 
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<b> 


F»g3-3(a} A gap coupled microstrip antenna and 
representation of gap by multi-terminal 
capacitive n-network 
(b) Practical gap model 
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conductances are obtained by dividing the radiation 
conductance of the coupled edge by the number of ports 
considered along that edge. This -rc-network model of the 
gap is considered as one of the segments in the segmentation 
method discussed in Section 2.2. In the segmentation method, 
impedance matrix for the gap circuit is required, and is 
calculated as 


S = Z^Zj+Zg 


(Z 2 +Z (S )Z 1 
Z i Z 2 


z ± z 2 

(z.+z )z 0 

1 g 2 


(3.1) 


where 

Z 1 = ] ■«C 1 * Z 2 = j u'C 2 * and Z g = G+j oj C g (3 * 2 ^ 

3.3 REGCOMA WITH IDENTICAL PARASITIC ELEMENTS 


3.3.1 A nalysis 

In radiating edges directly coupled microstrip antennas 
(REGCOMA), two rectangular resonators are placed adjacent to 
the radiating edges of the rectangular patch antenna. In 
this section, these resonators are considered identical as 
shown in Fig. 3.4(a). The analysis and design of REGCOMA 
with parasitic elements of different lengths are discussed 
later in this chapter. The length 1^ of the identical , 
resonators is taken nearly equal to half wavelength, and 
width of these resonators is taken equal to the width of the 
central rectangular patch. The central patch is excited 
by a co-axial feed, and the feed-point is chosen along XX, 
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Fig. 3 4(a) REGCOMA with identical parasitic elements, 
(b)magnetic wall boundary, (c) even-mode half 
section and<d)tts segmented network 
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the axis of symmetry. With such an excitation, the field 
is roughly sinusoidal along the length and is nearly 
uniform along the width of the various resonators. As only 
the central resonator is excited, the additional resonators 
are termed as parasitic elements. 

REGCOMA has been analyzed using the Green’s function 
approach and the segmentation method described in Chapter 
Two. . The physical boundary of the antenna is extended 
outward to account for the open-end fringing fields, and a 
magnetic wall boundary is considered to exist at this 
location. However, along the gap, the magnetic wall is 
located at the physical boundary itself as shown in 
Fig. 3.4(b), because the fringing fields along the gap 
are taken care of in the gap modelling by the capacitances 
and C 2 » Since the antenna structure and the feeding 
arrangement are symmetrical with respect to axis XX, fields 
will have even symmetry about this axis and it is sufficient 
to analyze only half of the structure with a magnetic wall 
at XX. This procedure reduces the computational time to 
half. Even-mode half section of REGCOMA is shown in Fig. 
3.4(c). The characteristic impedance of the co-axial feed 
line is taken as 100 ohms instead of 50 ohms for analysis. 

To apply segmentation method for analysis, even-mode 
half section of REGCOMA is divided into various segments 
as depicted in Fig. 3.4(d). These segments are - three 
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rectangular elements, two gap-circuits, and five radiation 
conductance networks. The periphery of the antenna is 
divided into 63 ports with connected c(= d) ports equal to 
30 ports and 3 external p-ports. Since the field varies 
along the non-radiating edges and is nearly uniform along 
the radiating edges, a larger number of ports (i.e. six) 
are considered along the non-radiating edges as compared 
to the number of ports (i.e, two) taken along the radiating 
edges, so that the variation of the field over any port- 
width is small. Three external ports are considered to 
evaluate input impedances at the various locations of the 
feed-point. The Z-matrix of the overall circuit is 
evaluated from the Z-matrices of the individual segments 
by using (2.5). The diagonal elements of the Z-matrix give 
input impedances at the feed-point locations. The voltage 
distribution along the periphery is obtained from (2.6), 
and the radiation pattern of the antenna is calculated 
using (2.11). 

3.3.2 Effect of the antenna parameters on performance 

For a given patch dimensions (L = 2.7 cm and W = 3.9 cm) 
and substrate specifications (e r = 2.55 and h = 0.159 cm), 
the various parameters of REGCOMA which have optimized to 
yield maximum bandwidth are : length 1^ of the parasitic 
element, gap-width between the two resonators, and the 
feed-point location ’a'. The widths of the parasitic elements 
are taken equal to the width of the central rectangular patch. 
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and have not been taken as variables to be optimized 
to yield broader bandwidth. Because the resonance behaviour 
of the parasitic element is governed by its length and not 
by its width. So by choosing the width of the parasitic 
element different than that of the central rectangular patch, 
the bandwidth of the REGCOMA will not change much. Moreover, 
the coupling between the resonators will vary with the width 
of the parasitic element, and the modelling of the gap will 
become complicated. Effects of the above three parameters 
on the input impedance of the antenna are discussed separa- 
tely in this section. 

Len gt h 1^ of the p a rasitic element 

The input impedance loci of REGCOMA for three different 
values of length 1^ of the parasitic element, with gap-width 
=3 0.4 cm and feed-point location ’a' =0.38 cm, are 
plotted on the Smith Chart as shown in Fig. 3.5. From these 
plots, the following may be noted. The presence of the 
identical parasitic elements introduce, as a result of 
interaction, a loop in the input impedance locus. With 
decrease in the length 1^ from 2.7 cm to 2.6 cm, the loop 
in the impedance locus shifts downward and towards the left 
side of the Smith chart. Also, the frequency corresponding 
to the minimum VSWR increases as the length decreases. 

Except for the loop, the impedance loci for three different 
lengths 1^ follow the same pattern as the impedance locus 
of RPA shown in Fig. 2.5. When the length lj of the parasitic 




F ig. 3*5 Input Impedance loci of RE6C0MA for three 
different value* of length It of the 
' 'parasitic elements 
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element decreases, its resonance frequency increases, so 
the loop is formed at the higher frequency point on the 
impedance locus of the KPA. With increase in the frequency 
the point corresponding to the input impedance of RPA moves 
downward and towards the left side of the Smith chart. 
Therefore, the loop in the impedance locus of REGCOMA also 
shifts downward and towards the left side with decrease 
in length 1^. 

Gap -width b et wee n th e resonators 

Input impedance loci of REGCOMA for three different 
values of gap-widths (S^ = 0.2, 0.4 and 0.6 cm) are plotted 
in Fig. 3.6. The other dimensions of the antenna are 
depicted in Fig. 3.6 (inset). With increase in the gap- 
width from S 1 =0.2 cm to 0.6 cm, the size of the loop 
in the impedance locus decreases and the frequency corres- 
ponding to the minimum VSWR increases. As the gap-width 
increases, the interaction between the resonators decreases, 
and hence the size of the loop decreases. As the gap-width 
is increased further, the size of the loop will go on 
decreasing, and for a large gap-width, the loop will 
disappear and the impedance locus of REGCOMA will become 
similar to that of RPA. 

Lo cation of th e f e ed-point 

For three different locations of feed-point (a = 0*485, 
0.38 and 0.215 cm) with length 1^ = 2.65 cm and gap-width 







62 


= 0.4 cm, input impedance loci are plotted in Fig.3.7. 
From these plots, the following conclusion may be drawn. 

When the location of the feed-point is shifted towards 
the nearer edge of the central rectangular patch (i.e. 
from a = 0.485 cm to 0.215 cm), impedance locus shifts 
towards the right side of tho Smith chart. However, the 
shape of the impedance locus remains unaltered. Similar 
shift in the impedance locus has been observed for the 
RPA shown in Fig. 2.5. 

3.3.3 In itial experiment s 

To study the effect of gap-width on the antenna per- 
formance experimentally, REGCOMA's have been fabricated 
for two different gap-widths (S^ = 0.1 cm and 0.25 cm) with 
length 1^ = 2.65 cm. For the two cases, the input impedance 
loci are plotted in Figs. 3.8 and 3.9 respectively, and the 
variations of VSWR with frequency are shown in Fig. 3.10. 
From these plots, the following may be observed. The size 
of the loop in the impedance locus decreases with increase 
in the gap-width. Two minima occur in the VSWR plot of 
REG COMA, while only one minimum in the VSWR plot has been 
observed in the case of RPA. The second minimum in the 
VSWR plot is due to the presence of the loop in the 
impedance locus. With increase in the gap-width, the two 
minima shift towards each other, and the magnitude of the 
ripple (i.e. the difference between the minimum and 
maximum values of VSWR) decreases. 
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For comparison, theoretical input impedance loci for 
the two cases are also plotted in Figs. 3.8 and 3.9. It 
may be noted that the size of the loop in the theoretical 
impedance loci is much larger than the size of the loop 
in the experimental impedance loci. This discrepancy may 
be due to the reason that the values of the gap capaci- 
tances considered in the gap modelling (Fig. 3.3) are 
not accurate. These capacitances ( and C g ) are 

calculated from the formulas for asymmetric coupled 
microstrip lines, which may not be correct for radiating 
gaps in the planar circuits. Also, these capacitance 
formulas are derived from quasi-static calculations, and 
they are not accurate at higher frequencies. For any 
specified value of gap-width, the coupling between the 
resonators will decrease with increase in frequency. 

This implies that a gap-width will act as an effectively 
larger gap at higher frequencies. In terms of coupling 
capacitances, the values of the capacitances and Cg 
should be increased and the value of the capacitance C 

y 

should be decreased at higher frequencies. Thus, the 
formulas for evaluating the values of the capacitances are 
modified for the analysis of the antenna structures, such 
that the theoretical results match with the experimental 
results. 
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3.3.4 Modi fic ati on of the va lue s of th e gap capacitance s 

Firstly, the effects of changing the values of the gap 
capacitances and C^) on the input impedance locus of 

REGCOMA are studied. For this purpose, the same dimensions 
have been taken for which experiment has been performed 
for S = 0.1 cm (i.e. 1, = 2.65 cm and a = 0.38 cm). The 

values of the capacitances obtained from the capacitance 
formulas are multiplied by a non-zero real number, and then 
effects of changing these coefficients are studied. Input 
impedance loci for three different coefficients of capa- 
citance 0^ ( C c g = 1*0, 0.8 and 0.6) and for unity coefficients 
of capacitances and C 2 (C cl = C c2 - i.o) are plotted in Fig. 
3.11. It may be noted from the impedance plot that when 

the value of the C decreases from 1.0 to 0.6, the size 

eg 

of the loop reduces and the frequency corresponding to 
minimum VSWR increases. Theoretical impedance locus 
corresponding to C cg = 0.6 is nearly similar to the 
experimental locus shown in Fig. 3.8. 

Input impedance loci for three different coefficients 
of C and C 2 (C .» Ii0,1.2 and 1.4 , where i=l,2)with C =.6 are 
plotted in Fig. 3.12. The coefficients for the capacitances 
and C 2 are taken equal because their values are nearly 
equal. From the impedance plot it may be observed that with 
increase in the value of C ci from 1.0 to 1.4, the loop in the 
impedance locus shifts downward and the frequency for minimum 
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VSWR decreases. The combined effect of decreasing C 

and increasing is equivalent to that of increasing the 

value of the gap-width between the resonators, because when 
the gap-width increases, the values of the capacitances 
and C£ increase, while the value of capacitance de- 
creases. 

The values of the capacitance coefficients C . and C 

for the two gap widths (S^ = 0.1 cm and 0.165 cm) on which 

experiments have been performed, are found by iterative method 

to match theoretical results with the experimental results. 

These coefficients are modified by knowing the effects of 

changing the capacitances on the impedance locus, and are 

found to be : C . = 1.25 and C = 0.55 for S. = 0*1 cm, and 

ci eg 1 

C - = 1.25 and = 0.44 for S. = 0.165 cm. 
ci eg 1 

For those modified values of gap capacitances, VSWR 
variations with frequency for the two cases are plotted in 
Figs. 3.13 and 3.14, Experimental results are also plotted 
in these figures* It may be noted that by changing the capa- 
citance values, good agreement between theoretical and 
experimental results is obtained. 

3.3.5 Optimiza tion for broad er ba nd wi dth 

After studying the effect of changing the gap-width 
between the resonators on the input impedance locus of the 
antenna experimentally, and modifying the gap-capacitances, 
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Fig. 3-13 Theoretical and experimental variations 

of VSWR with frequency of REGCOMA shown 
in Fig. 3-8 (inset) 


VSWR 


FREQUENCY (GHz) 


Fig. 3*14 Theoretical ( )qnd experimental ( 

variations of VSWR with frequency of 
REGCOMA shown in Fig. 39 (inset) 
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bandwidth of the antenna is optimized. For the REGCOMA 
shown in Fig. 3.15 (inset), the theoretical input impedance 
locus and VSWR variation with frequency are plotted in 
Figs. 3.15(a) and (b) respectively. The modified values 
of the gap-capacitances are used for the analysis. The 
loop in the impedance locus is inside the VSWR = 2 circle 
and the bandwidth of the antenna is 207 MHz (6.3 percent, 
centre frequency f = 3.27 GHz), which is 3.45 times the 
theoretical bandwidth of RPA (BW = 60 MHz). Experiment has 
been performed on this REGCOMA, and measured input impedance 
locus and variation of VSWR with frequency are also plotted 
in Fig. 3.15. Theoretical results agree with the experimental 
results, which shows the validity of the modified gap formulas. 
The experimental bandwidth is 225 MHz, which is slightly more 
than the theoretical value, because the dielectric loss, 
conductors loss and losses due to the surface wave propagation 
are ignored in the analysis. 

The bandwidth of the REGCOMA (shown in Fig. 3.15) can be 
further improved by decreasing the length 1^ of the parasitic 
element, which will shift the loop in the impedance locus 
downward, and by reducing the gap-width S^, which will 
increase the size of the loop. The dimensions of the REGCOMA 
with reduced length 1^ and gap-width S^, and its input 
impedance locus are shown in Fig. 3.16, The bandwidth of the 
antenna is 257 MHz (7.7 percent, f Q = 3.345 GHz), which is 





Fig. 3*15 Theoretical ( — ) and experimental ( — ) 
(a) input impedance loci and(b)VSWR 
versus treauencv of REGCOMA 
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Fig.3*t6 Input impedance locus forth® modified dimensions 
of REGCQMA with identical parasitic elements 
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50 MHz more than the bandwidth of the REGCOMA shown in 
Fig. 3.15. Thus, the experimental bandwidth is likely to 
be even more. 

3.4 REGCOMA WITH PARASITIC ELEMENTS OF DIFFERENT LENGTHS 
3.4.1 Introduct io n 

In the previous section, REGCOMA with identical para- 
sitic elements has been discussed. The gap-widths between 
the central patch and the parasitic elements were taken 
equal. In this case, the central patch was resonant at one 
frequency and at nearby frequency, parasitic elements wore 
resonant. When the lengths of the parasitic elements are 
different, their resonant frequencies will be different. 
Therefore, each parasitic element will form a separate loop 
in the impedance locus, resulting in two loops in the 
impedance locus, whereas only one loop was present when the 
parasitic elements were of equal lengths. 

The REGCOMA with parasitic elements of different 
lengths 1^ and 1 2 is shown in Fig. 3.17 (inset). The gap- 
widths and S 2 between the central patch and the parasitic 
elements need not bo equal. The antenna has been analyzed 
using the procedure described in Section 3.3.1. The 
effects of changing the lengths 1 1 and I 2 of the parasitic 
elements and the gap-widths and S 2 on the input impedance 
locus of the antenna are described in this section. These 
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Fig. 3-17 


Input impedance loci of REGCOMA for three 
combinations of the lengths ^ and 1 2 
parasitic elements 
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informations are used for optimizing the antenna to yield 
broader bandwidth. 

3.4.2 Eff ect of the len gths of the p arasitic e lem ents 

Input impedance loci of REGCOMA for three different 
combinations of the lengths 1^ and I 2 (= (2.6, 2.5), 

(2.65, 2.5) and (2.65, 2.55) cm) of the parasitic elements, 
with and S 2 equal to 0.12 cm and feed-point location 
'a* = 0.324 on, are plotted in Fig. 3.17. From these plots 
the following conclusion may be drawn. Two loops are 
present in each impedance locus as predicted in Section 
3.4,1. Loops 1 and 2 correspond to the parasitic elements 
with larger and smaller lengths (1^ and 1 2 ) respectively. 
When the length 1^ is increased from 2.6 cm to 2.65 cm, 
while 1 2 remains equal to 2.5 cm (i.e. the difference bet- 
ween the lengths 1 1 and 1 2 is increased), loop 1 shifts 
upward and towards the right side of the Smith chart and 
loop 2 shifts downward and towards the left side of the 
Smith chart, thereby increasing the separation between 
the two loops. For increase in the length 1 2 from 2.5 cm 
to 2.55 cm, with 1^ = 2.65 cm (i.e. the difference between 
the two lengths 1^ and 1 2 decreases), loop 1 moves downward 
and loop 2 moves upward, and the two loops came closer to 
each other. As the difference between the two lengths 
decreases, the two loops will come nearer and nearer, and 
will finally merge into a single loop when the two lengths 
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are equal. When both the lengths 1^ and I 2 are increased 
from (2.6, 2.5) cm to (2.65, 2.55) cm, both the loops in 
the impedance locus shift upward and towards the right side 
of the Smith chart.. 

3.4.3 Effect of the ga p-widths 

Input impedance loci for three combinations of the 
gap-widths and S 2 (= (0.12, 0.12), (0.12, 0.165), and 
(0.165, 0.165) cm) are plotted in Fig. 3.18. Other dimen- 
sions of the REGCOMA are shown in Fig. 3.18 (inset). Size 
of the loop 1 (or 2) is mainly affected by the change in 
gap-width S^ (or S 2 ) and is slightly affected by gap-width 
S 2 (or S^). With increase in the gap-width S^ and/or S 2 , 
the size of the loop 1 and/or loop 2 decreases and the two 
loops shift apart. 

3.4.4 Experime nts 

After studying the effects of the lengths 1^ and 1 2 , and 
gap-widths S^ and S 2 on the input impedance locus, the dimen- 
sions of the antenna are selected such that the two loops 
in the impedance locus are inside the VSWR = 2 circle, thereby 
yielding wider bandwidth. For the REGCOMA shown in Fig. 3. 19 
(inset), theoretical input impedance locus and variation of 
VSWR with frequency are plotted in Figs. 3.19(a) and (b) res- 
pectively, The two loops in the impedance locus are inside 
the VSWR = 2 circle, and the bandwidth of the antenna is 
294 MHz (8.9 percent, f = 3.305 GHz). For the analysis. 
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Fig. 3-1 8 Input impedance loci of REGCOMA for three 
combinations of the gap-widths S-j and S£ 



V5WR 



Fig. 3*1 9 Theoretical (— )and experimental ( — )fo) input 
impedance loci and (b) variations of VSWR 
with frequency of REGCOMA 
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the values of the capacitance coefficients are taken as : 
C ci = 1.25 and c C g = 0.52 for = 0.13 cm, and C ci = 1.25 
an d C c g = 0.49 for = 0.105 cm. These values are inter- 
polated from the values given in Section 3.3.4. 


Experiment has been carried out on the above REGCOMA, 

and the photograph of the fabricated antenna is shown in 

\ 

Fig. 3.20. Experimental input impedance locus and VSWR 
versus frequency are also plotted in Fig. 3.19. Theoretical 
results are in acceptable agreement with the experimental 
results. The measured bandwidth of the antenna is 331 M Hz 
( 10 percent, f = 3.29 GHz), which is 5.3 times the experi- 
mental bandwidth of RPA (BW = 62 MHz). 


3.4.5 


Voltage dist rib utio n a nd r a diation pat t ern 


Radiation pattern of the REGCOMA shown in Fig. 3.19 
(inset), is evaluated from the voltage distribution along the 
periphery of the antenna by using (2.ll). The voltage dis- 
tribution along the periphery of the antenna is obtained from 
(2.6). Normalized values of the real and imaginary parts 
of the voltage are plotted at three frequencies in Fig. 3.21. 
From the voltage plots, the following may be observed. The 
voltage along the radiating edges of the REGCOMA is almost 
uniform and it varies nearly sinusoidally along the non- 
radiating edges. With the change in the frequency, the voltage 
distribution along the periphery changes and the voltage across 
the gap (i.e. the difference between the voltages along the 
coupled radiating edges) also varies. 
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Since the voltage distribution along the periphery 
of the antenna varies with frequency, it is expected that 
the radiation pattern of the antenna will also vary with 
frequency. Radiation pattern is calculated in both cp = 0° 

and 9 = 90° planes at several frequencies covering the 
entire bandwidth of the antenna. It is noted that only 
Eq component of the radiation field is present in 9 = 0 ° 
plane and only E component is present in 9 = 90° plane. 

T 

* 0 

Eq in 9 = 0 plane is plotted at three different frequencies 
in Fig. 3.22(a). From these plots, the following may be 
noted. The radiation field is not symmetrical with 0 = 0 ° 
axis, and the direction of maximum radiation varies from 
0 = 0° to 0 = 20° as the frequency increases from 3.19 GHz 
to 3.39 GHz. 3-db beamwidth in 9 = 0° plane at the three 
frequencies f = 3.19, 3.29 and 3.39 GHz is 60°, 55° and 99° 
respectively. * A minimum occurs in Eg at f = 3.29 GHz along 
© s= -40°, and its level is 23.5 db below the maximum level. 

E^ component of the radiation field in 9 = 90° plane is 
plotted at f = 3.2 GHz in Fig. 3.22(b). At other frequencies 
for which VSWR remains less than two, there is no appreciable 
change in the value of E . 3-db beamwidth in 9 = 90° plane 
is 74°. 

Radiation pattern of the antenna is measured in both 
9 =0° and 9 = 90° planes at the various frequencies of 
interest, E @ in 9 = 0° plane is plotted at three frequencies 
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in Fig,. 3.23(a). The direction of maximum radiation 
varies between 0=0° and © = 10° in the frequency range 
of 3.2 GHz to 3.405 GHz. 3-db beamwidth in 9 = 0° plane 
fluctuates between 33° and 48° as the frequency increases 
from 3.2 GHz to 3.405 GHz. The level of minimum in 
at f = 3.2 GHz is 15.5 db below the corresponding maximum 
level. in <p = 90° plane is plotted at f = 3#.2 GHz in 
Fig. 3.23(b). For comparison, theoretical E^ in 9 = 90° 
plane is also plotted in this figure. The experimental 
3-db beamwidth in 9 = 90° plane is 68°, which is somewhat 
smaller than the theoretical value. The experimental 
values of the 3-db beamwidth in the two planes (9=0° 
and 90 °) arc found to be smaller than the theoretical 
values as observed in the case of RPA (Fig. 2.10). This 
discrepancy may be due to the excitation of surface waves 
and because of the presence of finite ground plane [45]. 

Thus, the bandwidth of the RPA has been increased by 
using RB3C0MA structure, but E^ component of the radiation 
field in 9 = 0° plane varies with frequency. The bandwidth 
of the REGCOMA shown in Fig. 3.19 (inset) can be further 
increased by reducing the gap-widths and S^, which will 
increase the size of the loops in the impedance locus of 
Fig. 3.19(a), and by decreasing the length 1 2 of the para- 
sitic element slightly, which will make the parasitic element 
to bo resonant at higher frequency, thereby increasing the 
bandwidth. 
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Fig. 3*2 3 (a) Experimental E@ in $ = 0° plane and (b) 
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3.5 REGCOMA ON THICKER SUBSTRATE 

As discussed in Section 2.4, for a RPA, when the 
thickness of the substrate is doubled, the bandwidth of 
the antenna also becomes nearly double for the same patch 
dimensions. To study the effect of doubling the substrate 
thickness on the bandwidth of REGCOMA, a few experiments 
have been performed with the substrate thickness 
h = 0.318 cm. The dimensions of the experimental antenna 
are shown in Fig, 3.24 (inset). The length of the central 
patch is considered as 2.9 cm, so that the centre frequency 
is around 3 GHz. The differences between the lengths of 
the parasitic elements and central patch are taken nearly 
double of that for the antenna with h = 0.159 cm. The 
widths of the resonators are reduced from 3.9 cm to 3.0 cm. 
The gap-widths are taken approximately equal to one and a 
half times the gap-widths considered in the antenna with 
h = 0.159 cm. The experimental input impedance locus and 
VSWR variation with frequency are plotted in Figs. 3.24(a) 
and (b) respectively. The bandwidth of the antenna is 
485 MHz ( 16 percent, f Q = 3.04 GHz), which is four times 
the bandwidth of RPA (BW = 121 MHz , L = 2.9 cm, W = 3.0 cm). 
The bandwidth of the RPA with W = 3.0 cm is interpolated 
from the results of RPA with W = 4.0 cm and 2.0cm(BW= 133 MHz 
and 109 MHz respectively), given in Section 2.4.2. 
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Fig.3-24 Experimental (a) input impedance locus and 
(b) VSWR variation with frequency of 
REGCOMA 
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Another experiment has been carried out for improving 
the bandwidth. The gap-widths between the resonators are 
reduced, which will increase the size of the loops in 
the impedance locus. The modified dimensions of the 
REGCOMA are depicted in Fig. 3.25 (inset) and the photograph 
of the fabricated antenna is shown in Fig. 3.26. The 
experiment input impedance locus and variation of VSWR with 
frequency are plotted in Figs. 3.25(a) and (b) respectively. 
The experimental bandwidth is 512 MHz (17 percent, 
f Q = 3.016 GHz), which shows an improvement of 27 MHz in 
the bandwidth over the previous experiment. The ripples 
in the VSWR versus frequency plot remain lower than 
VSWR = 1.7. If the bandwidth is defined as the frequency 
range for which VSWR 4 1.7, then it is equal to 470 MHz, 
which is five times the bandwidth of RPA (BW = 93 MHz for 
VSWR $ 1.7). 

Theoretical input impedance locus and VSWR variation 

with frequency of the REGCOMA are also plotted in Fig. 3.25. 

The modified values of the gap capacitances are used for 

analysis. The discrepancy between the theoretical and 

experimental results is more in the case of REGCOMA with 

h = 0.318 cm as compared to that for REGCOMA with 

h = 0.159 cm. Because with increase in the substrate thick- 
ness, the dielectric loss and losses due to the surface 

wave propagation increase, and since these losses have not 

been considered in the analysis, the discrepancy between the 

theoretical and experimental results increases. 
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Fig. 3.26 Photograph of the REGCQMA fabricated 
on the substrate having thickness 
h = 0.318 cm and e = 2.55 
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Radiation pattern of the antenna is calculated in both 
9=0° and 9 = 90° planes. The radiation characteristics 
are found to be similar to that of the REG COMA with h =0,159 cm 
(shown in Fig. 3.22), and have not been plotted. 

The bandwidth of the REGCOMA shown in Fig. 3.25 (inset), 
can be further improved by reducing the length ^ of the 
parasitic element and gap-width Because this will shift 

the smaller loop in the impedance locus of Fig. 3.25(a) 
towards the higher frequency points on the Smith chart and 
also its size will be increased. 

3.6 DISCUSSION 

Radiating edges gap coupled microstrip antennas have 
been designed, analyzed and optimized around 3 GHz centre 
frequency using the Green's function approach and the segmen- 
tation method. The variables which have been optimized to 
yield broader bandwidth are ; lengths of the parasitic 
elements, gap-widths between the parasitic elements and 
central rectangular patch, and the location of the feed-point. 
Based on these designs, experiments have been performed with 
two substrates having different thicknesses (h = 0.159 cm 
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and 0.318 cm) but equal dielectric constants ( e r = 2.55).. 

The experimental bandwidths of the REGCQMA are found to be 
331 MHz and 512 MHz for h = 0.159 cm and 0.318 cm res- 
pectively, which are five and four times the bandwidths 
of the corresponding RPA (BW = 62 MHz and 121 MHz res- 
pectively) . 

While the investigations on REGCCMA were being carried 
out, microstrip antennas with short-circuit quarter wave- 
length parasitic elements coupled to the radiating edges 
of rectangular patch antenna (shown in Fig. 1.4(c)) have 
been reported in the literature [58], In this case, the 
bandwidth obtained is only twice of that of a RPA, whereas 
REGCOMA yields four to five times the bandwidth of RPA. 
Moreover, the shorting of the edges of the parasitic ele- 
ments with the ground plane has to be done. 

In the next chapter, another gap coupled antenna 
configurations, namely, non-radiating edges gap coupled 
and four edges gap coupled microstrip antennas are suggested 
to improve the bandwidth of RPA. 



CHAPTER FOUR 


NON-RADIATING EDGES GAP COUPLED AND FOUR EDGES GAP 
COUPLED MICROSTRIP ANTENNAS 

In this chapter, analysis and design of non-radiating 
edges gap coupled microstrip antennas (NEGCOMA) and four 
edges gap coupled microstrip antennas (FEGCOMA) are discussed. 
These antenna structures are also analyzed by Green's 
function approach using segmentation method and the coupling 
gaps between the resonators are modelled as capacitive 
-re- networks as described in Chapter Three. 

4.1 NEGCOMA WITH IDENTICAL PARASITIC ELEMENTS 

4.1.1 Anal ysi s 

Two identical rectangular resonators of length 1^ and 
width equal to that of the rectangular patch antenna are 
placed adjacent to the non-radiating edges of the patch 
antenna (patch dimensions i L x ^ ) as shown in Fig. 4.1(a). 
This structure may behave like a REGCOMA at a different 
frequency where the resonance is caused by the width W (i*e. 
when W becomes approximately half wavelength). Since the 
antenna structure and the feeding arrangement are symmetrical 
with respect to the axis XX, the fields will have an even 
symmetry with respect to XX. Thus only half of the structure 
with a magnetic wall at XX, need to be analyzed. Even-mode 
half section of NEGCOMA with open-end fringing fields taken 
into account is shown in Fig. 4.1(b). 
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Fig. 4-1 (a) NEGCOMA with identical parasitic elements 
and its (b) even-mode halt section and (c) 

segmented network 
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To apply segmentation method for analysis, NEGCOMA is 
divided into various segments as shown in Fig. 4.1(c). These 
segments are : two rectangular elements, a gap-circuit, and 
five radiation conductance networks. Edges of the antenna 
are divided into 53 ports with c and d ports being 26 each 
and a single p-port which corresponds to the feed-point 
location. Z-matrix for the overall circuit is calculated 
from the Z-matrices of the individual sub-components by 
using (2.5). For a unit current excitation at the feed-port, 
voltage distribution at the various ports is obtained from 
(2.6). The electric vector potential is calculated by using 
(2.10) and radiation fields are evaluated from (2.11). 

4.1.2 Effect of antenna parame ters_on_per forman ce 

The various antenna parameters, for any given patch 
dimensions (L = 2.9 cm and W « 4.0 cm), substrate specifi- 
cations (e r = 2.55 and h = 0.159 cm), and the width of the 
parasitic element being equal to the width of the central 
rectangular patch, which govern the input impedance chara- 
cteristics of NEGCOMA are ; gap-width between the two 
resonators, length 1 1 of the parasitic element, and feed-point 
location ’a'. Effects of these three parameters on the input 
impedance locus of NEGCOMA are discussed separately in this 
section. 
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Gag-width S 1 be tween the r e s ona tor s 

NEGCOMA is analyzed for three different values of gap- 
widths (S 1 = 0.1, 0.05 and 0.025 cm), with parasitic element 
length 1^ = 2.9 cm and feed-point location ’a' = 0.Z9 cm. 

As discussed in Section 3.5, the values of the gap- 
capacitances considered in the gap-modelling (shown in 
Fig. 3. 3) are not accurate, and have been therefore modified 
to match the theoretical results with the experimental results. 
The coefficients for the capacitances and in the 

present case may be different from those obtained for REGCCMA, 
because in the case of NEGCOMA, fields are roughly sinusoidal 
along the coupled non-radiating edges, whereas fields are 
nearly uniform along the coupled radiating edges of REGCQMA. 
Hence, these coefficients are reevaluated. The effects of 
these coefficients on the input impedance locus are studied 
later in this section. The gap width considered here is much 
smaller than the gap-width required for sufficient coupling 
in the case of REGCOMA. This is due to the fact that 
coupling between the resonators will be much less when field 
varies sinusoidally along the coupled edges as compared to 
the uniform field for the same gap-width. 

The impedance loci for three different values of gap- 

widths are plotted in Fig. 4.2 for coupling coefficients 

C „ = C ~ - 1.0 and C = 0.5. From these plots the following 
cl cz eg 

points are noted. A loop in the impedance locus is formed 
due to the presence of the parasitic elements, as in the case 





Fig.4‘2 Input impedance loci ot NEGCOMA for 
different values ot gap -width Si 
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of REGCOMA. With increase in gap-width, the interaction 
between the resonators decreases, so the size of the loop 
in the impedance locus decreases. Also, the impedance locus 
shifts towards the right side of the Smith chart with 
increase in gap-width. As the gap-width is increased further, 
loop size will go on decreasing and finally for a considera- 
bly larger gap, the loop will disappear, and the impedance 
locus of NEGCOMA will become similar to that of RPA. 


As discussed above, the values of the coefficients of 

capacitances may be different than those obtained for 

REGCOMA, so the effects of changing these coefficients on the 

input impedance locus are studied. Impedance loci for three 

different coefficients of capacitance ( c C g = 0-6 * 0.5, 

and 0.4), with coefficients of capacitances and C 2 being 

taken as unity, are plotted in Fig. 4.3. The dimensions of 

the antenna are shown in Fig. 4.3. With decrease in the 

value of C (from 0.6 to 0.4), the size of the loop 

eg 

decreases and the impedance locus shifts towards the right 
side of the Smith chart. 


Impedance loci for three different coefficients of 
capacitances and C 2 (C ci = 0.6, 1.0 and 1.4, where 
i = 1,2), with C = 0.5 are plotted in Fig. 4.4. As the 

vy 

value of C ci increases from 0.6 to 1.4, the loop in the 
impedance locus shifts downward and towards the left side of 
the Smith chart. However, there is not much change in the 
size of the loop. 
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Fig. 4*3 Input impedance loci of NE6CQMA for three 
different values of coupling co-etticient C C g 



Fig 4*4 Input impedance loci of NEGCOMA tor three 
different values of coupling co-efficient C c 
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Lgngt h o f the parasiti c el em en t 

Impedance loci for three different lengths of 
parasitic elements (l^ = 3.0, 2.9 and 2.8 cm) with gap 
width S^ = 0.05 cm and feed-point location ’a' = 0.29 cm 
are plotted in Fig. 4.5. As the length 1^ of the parasitic 
element decreases from 3.0 cm to 2.8 cm, the loop in the 
impedance locus shifts downward and towards the left side 
of the Smith chart, but there is not much change in the 
size of the loop. Except for the presence of the loops, 
the impedance loci for the three different values of 1^ 
follow the same pattern as the impedance locus of RPA. 

When the length of the parasitic element decreases, its 
resonance frequency increases, so the loop is formed at the 
higher frequency points on the impedance locus of RPA. Since 
the locus of RPA moves downward with increase in frequency, 
the loop in the impedance locus of NEGCOMA shifts downward 
with decrease in the length of the parasitic element. 

L ocation o f f eed-p oint 

Impedance loci for three different feed-point loca- 
tions (a = 0.435, 0.29 and 0.145 cm) with 1 ± = 2.9 cm and 
S 1 = 0.05 cm, are plotted in Fig. 4.6. When the location 
of the feed-point is shifted towards the nearer edge of the 
central resonator (i.e. from a = 0.435 cm to 0.145 cm), 
impedance locus shifts towards the right side of the Smith 
chart. However, the impedance locus shape remains unaltered. 
Similar shift in the impedance locus has been also observed 
in the case of RPA. 










Fig. 4*6 Input impedance loci of NEGCQMA for three 
, locations of the feed-point 
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4.1.3 Experiments 

Experiment has been performed on N EG COMA with 
parasitic element length 1 1 = 2.9 cm, gap-width S 1 = 0.05 cm 
and feed-point location ’a* = 0.3 cm, as shown in Fig. 4.7(a). 
The experimental input impedance locus is plotted in Fig. 
4.7(b). If this impedance locus is compared with the 
corresponding theoretical input impedance locus shown in 
Fig. 4,5 (in solid lines), it may be noted that theoretical 
results do not agree with the experimental results. The 
loop in the experimental impedance locus is shifted upward 
and towards the right side of the Smith chart. Similar 
discrepancy has been observed by other investigators also 
[22], [58]. In the case of REGCOMA, theoretical values were 
in reasonable agreement with the experimental values when 
the gap capacitances were modified suitably. But for NEGCOMA, 
theoretical values do not match with the experimental values 
for any combination of capacitance coefficients. However, by 
taking C ci = 1.0 and = 0.47, the size of the loop in the 

two cases is nearly same as shown in Fig. 4.7(b). 

Another experiment has been performed on NEGCOMA (the 
dimensions are shown in Fig. 4.8 (inset)) to bring the loop 
in the impedance plot of Fig. 4.7(b) inside the VSWR = 2 cir- 
cle. The length of the parasitic element is reduced from 
2.9 cm to 2.75 cm, because with the decrease in the length 
of the parasitic element, the loop in the impedance locus 
shifts downward and towards the left side of the Smith chart 
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as discussed in Section 4.1.2. Experimental and theoretical 
input impedance- loci and variation of VSWR with frequency 
are shown in Fig. 4.8. As expected, the loop in the 
experimental impedance locus is inside the VSWR = 2 circle. 

The bandwidth of the antenna is 192 MHz (6.1 percent, centre 
frequency f Q = 3.14 GHz), which is three times ,the bandwidth 
of RPA. The loop in the theoretical input impedance locus 
is not inside the VSWR * 2 circle, so it is not justified 
if the experimental bandwidth is compared with this bandwidth, 
which is too low* The bandwidth is calculated for different 
dimensions of the antenna, for which the loop is inside the 
VSWR * 2 circle. The size of the loop should be equal to 
that of the loop obtained experimentally. This will give 
some rough idea of the theoretical bandwidth. The bandwidth 
is obtained from the impedance locus shown in Fig. 4.7(b) and 
it is 160 MHz, which is 32 MHz less than the experimental 
bandwidth* 

The bandwidth of the antenna can be further increased by 
increasing the parasitic element length slightly (which will 
shift the loop towards the right side of the Smith chart), and 
by reducing the gap width (which will increase the size of 

the loop). 

4.2 NEGCOMA WITH PARASITIC ELEMENTS OF DIFFERENT LENGTHS 

In Section 4.1, NEGCOMA with identical parasitic elements 
have boon discussed# The gap widths between the resonators were 
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nlno taken equal. In this case, central rectangular patch 
was re so nan t at one frequency and parasitic elements were 
resonant at a nearby frequency. When the two parasitic 
elements are of different lengths, their resonant frequencies 
will be different. So, each parasitic element will form a 
separate loop in the impedance locus and hence there will be 
two loops in the impedance locus, while only one loop was 
present when the parasitic elements were identical. Thus, 
the NEGCOMA with parasitic elements of different lengths will 
yield wider bandwidth than the NEGCOMA with identical para- 
sitic elements. 

The NEGCOMA with parasitic elements of different lengths 
1^ and 1,> is shown in Fig* 4.9(a)*The widths of these elements 
arc takonequal to that of the rectangular patch element. The 
gap-widths between the parasitic element and rectangular patch 
need not be equal. Since the antenna structure is not 
symmetrical with the axis XX, the full structure is analyzed. 
The NEGCOMA is divided into various segments, namely, three 
rectangular elements, two gap-circuits and eight radiation 
conductance networks. In all, 97 ports are considered on the 
antenna edges with c (* d) ports equal to 48 ports and a 

single p-port as shown in Fig. 4.9(b). The input impedance 
and radiation fields of the antenna are calculated from (2.5) 
and (2.11) respectively. 
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RC (Radiation 

conductance 

network) 


RE (Rectangular 
element ) 


GC (Gap-circuit ) 


Fig. 49(a) NEGCOMA with parasitic elements ot different 


lengths and (b) its segmented network 
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4 « 2 » 1 jaar ame ter s 

In this section, the effects of changing the lengths 
1^ and I2 of the parasitic elements, and the gap widths 
5^ and S 2 between the central patch and the parasitic ele- 
ments on the input impedance locus of the antenna are 
studied. Those studies are useful for optimizing the 
antenna for wider bandwidth. 

Gap-wid th s be tw e en _ th e ^ r eso na t o rs 

For throe combinations of gap-widths and S 2 
(« (0.05, 0.05), (0.05, 0.02), and (0.02, 0.02) cm) with 
lj as 2.85 cm, I 2 =*2.7 cm and a = 0.14 cm, input impedance 
loci of the antenna are plotted in Fig. 4.10. From the 
theoretical results it is observed that two loops are 
present in the impedance loci. Loops 1 and 2 corre spond to 
the parasitic elements with larger and smaller lengths 
(1 1 and 1 2 ) respectively. Size of the loops 1 and 2 are 
mainly affected by changes in S x and S 2 respectively. With 
decrease in the gap-width ( or S 2 ), size of the loop 1 (or 
loop 2) increases, and also the two loops come closer. 

Long ths of the p arasiti c elements 

Impedance loci for throe combinations of the parasitic 
elements lengths 1. and 1 2 (* (2.85, 2.7), (2.85, 2.75), 

(2.9, 2.75) cm) with S x = S 2 = 0.05 cm and a = 0.14 cm, are 
plotted in Fig. 4.11. From these plots, the following points 
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may be noted. The loops 1 and 2 present in the impedance 
loci, correspond to the larger and smaller lengths (1 1 and 
1 2 ) of the parasitic elements respectively. As the 
difference between the two lengths 1 ± and l 2 decreases, 
the two loops come nearer and nearer, and finally merge 
into a single loop when 1 1 is equal to 1 2 . When both the 
lengths 1^ and 1 2 are increased from (2.85, 2.7) cm to 
(2.9, 2.7b) cm, while keeping the difference between them 
constant, both the loops in the impedance locus shift 
upward and towards the right side of the Smith chart. 

4,2.2 Ex gerimont 

Experiment has been performed on NEGCOMA with dimensions 
shown in Fig. 4*12 (inset). The theoretical input impedance 
locus is plotted in Fig, 4.12(a). There are two loops in 
the impedance locus, one of them is located inside the 
VSWR = 2 circle and other is lying outside the left side of 
the circle. The reason for carrying out this experiment with 
these dimensions is that the experimental impedance locus 
shifts towards the right side of the Smith chart ( as 
observed in the case of NEGCOMA with identical parasitic 
elements , and shown in Fig* 4.7), so the two loops will come 
inside the VSWR » 2 circle. Photograph of the fabricated 
NEGCOMA is shown in Fig. 4.13, The experimental input impe- 
dance locus and VSWR variation with frequency are plotted in 
Figs, 4, 12(a) and (b) respectively. As expected, the experi- 
mental impedance locus is shifted towards the right side of 



VSWR 



m 


e r «2-55 
hr.0-159 cm 


FREQUENCY(GHz) 

(b) 

Fig.4-12(o) Theoretical (---)and experimental ( — )input 
impedance loci and (b)experimental VSWR 
variation with frequency of NEGCOMA 
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Fig, 4*13 Photograph of the NEGCOMA fabricated on the 

substrate having thickness h = 0.159 cm and 

- 2.55 
r 
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the Smith chart and the two loops have come inside the 
VSWIi ~ 2 circle, fho measured bandwidth of the antenna is 
22b MHz (7.2 percent, f Q = 3.115 GHz), which is 3.6 times 

the bandwidth of RPA. 

The bandwidth of the antenna can be further increased 
by increasing the coupling between the resonators (i.e. by 
decreasing tho gap-width from 0.02 cm to as small as 

possible)* 

4.3 NEGCOMA ON THICKER SUBSTRATE 

It has been observed in Section 2.4 that when the 
thickness of the substrate is doubled, the bandwidth of RPA 
also becomes nearly double for the same patch dimensions. The 
effect of doubling the substrate thickness on the bandwidth 

of NEGCOMA is studied in this section. 

It has been observed in tho previous section that the 
gap-width between the resonators was very small to provide 
sufficient coupling between the resonators for yielding 
broader bandwidth, and the bandwidth could have been further 
increased by increasing the coupling between the resonators. 
With increase in tho substrate thickness, the coupling between 
the resonators is increased for any specified value of gap- 
width. So, an improvement of more than twice in the bandwidth 
of NEGCOMA is expected, when the substrate thickness is 
doubled. 
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4* 3. 1 ® ^ i f o elements 

NhGCOMA with identical parasitic elements is analyzed 
to obtain wider bandwidth for substrate thickness h = 0.318 cm. 
Input impedance loci for two different lengths (1^ = 2.65 cm 
and 2.5 cm) of the parasitic elements with =0.08 cm and 
a = 0.15 cm » are plotted in Fig. 4.14. The theoretical 
bandwidth of the antenna with parasitic element length 
l x » 2.65 cm is 230 MHz (7.77 percent, f = 2.96 GHz). How- 
ever, experiment has been performed on NEGCOMA with parasitic 
element length 1^ » 2.5 cm, for which loop in the impedance 
locus is located outside the loft side of the VSWR = 2 
circle on the Smith chart. The reason for doing experiment 
on those dimensions is that experimentally the loop in the 
impedance locus shifts towards the right side of the Smith 
chart, so it may come inside the VSWR = 2 circle. The 
experimental input impedance locus and variation of VSWR 
with frequency are plotted in Fig. 4.15. For comparison, 
theoretical input impedance locus is also plotted in this 
figure. As predicted, the loop in the experimental input 
impedance locus is inside the VSWR = 2 circle. The 
measured bandwidth is 313 MHz ( 9.65 percent, f Q = 3.245 GHz), 
which is 2.6 times the bandwidth of RPA (BW = 121 MHz, 
f « 2.94 GHz, L « 2.9 cm, W = 3.0 cm, e = 2.55 and 

h s 0.318 cm). The bandwidth of the RPA for W - 3.0 cm is 
interpolated from its bandwidths for the widths equal to 
4,0 cm and 2.0 cm (BW * 133 MHz and 109MHz respectively). 


given in Section 2*4 
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4*3.2 ferent lengths 

NEULOMn with parasitic elements of different lengths 
is analyzed as discussed in Section 4.2. Impedance loci 
for two different combinations of lengths l and 1 2 
{ =c (2.8, 2.5) cm, (2,9, 2.6) cm) are depicted in Fig. 4.16. 
Impedance locus for 1 ± = 2.9 cm and 1 2 = 2.6 cm, gives the 
theoretical bandwidth of the antenna, which is 430 MHz. 
Experiment has been performed on NEGCOMA with ^ = 2.8 cm 
and 1,> » 2,5 cm and photograph of the antenna fabricated 
is shown in Fig. 4.17. 

The experimental input impedance locus and variation 
of VSWR with frequency are plotted in Figs. 4. 18( a) and (b) 
respectively. Theoretical input impedance locus is also 
plotted in Fig, 4.18(a). It can be noted from these 
impedance plots that the two loops in the experimental input 
impedance locus are shifted towards the right side of the 
Smith chart, and they are inside the VSWR = 2 circle. The 
measured bandwidth of NEGCOMA is 480 MHz ( 15.4 percent, 

f S3 3,n GHz), which is nearly four times the bandwidth of 

o 

RPA. 

yoltago^distribu tion and radiat ion pattern 

Radiation pattern of the antenna is calculated from 
the voltage distribution along the periphery of the antenna 
by using (2.11), The voltage distribution along the peri- 
phery is obtained from (2.6), Normalized values of the real 
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Flq . 4*17 Photograph of the NEGCOMA fabricated on 
h * 0.318 cm thick substrate with 

c s s 2.55 
r 


VSWR 


P-2-7 
q-2-9 
r- 3i 
s-3-3 



FREQUENCY(GHz) 

(b) i 

Fig, 4-18 (a) Theoretical (— )and experimental ( — ) inpcH 

impedance loci and (b) experimental VSWR 
variation with frequency of NEGCOMA 
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and imaginary parts of the voltage along the periphery of 
the antenna, at throe frequencies, are plotted in Fi gs . 

4» 1 )( n ) and ( b ) respectively. From these plots it may be 
noted that the voltage distribution along the periphery of 
the antenna varies with frequency. The variation in the 
values of the voltages along the radiating edges of rectan- 
gular elements is much smaller than the variation along the 
non-radiating edges* As the frequency changes, the voltage j 

no r os. s the gap ( i *o • the difference of the voltages along 
the non-radiating coupled edges) also varies. ; 

Since the voltage distribution along the periphery of the 
antenna changes with frequency, one would expect that radia- 
tion pattern will also change with frequency. Radiation 
pattern in both 9 * 0° and 9 = 90° planes is calculated at 
several frequencies. Only E 0 component is present in 9 = 0 ° 
plane and only E component is present in 9 = 90° plane as in 

T 

the cases of RPA and RBGCOMA. E 0 component of the radiation 
field In f s 0° plane is plotted for two frequencies in ji 

Fig. 4.20(a). At other frequencies of interest , E e varies 
between those* two curves. 3-db beamwidth in 9 = 0° plane varies 

between 98° and 110° in the frequency range cf 2.8 GHz to 

3.2 GHz. component of the radiation field in 9 = 90° plane 

is plotted for four frequencies in Fig. 4.20(b). From these 
plots, following may be noted, is not symmetrical with 
0 = 0° axis. With the increase in frequency from 2.8 GHz 
to 3.2 GHz* the direction of maximum radiation shifts from 
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6 - -30 to 0 = 20°, A minimum in E^ occurs in the 
positive 9 direction at the lower frequencies, and in the 
negative 0 direction at the higher frequencies. 3 -db beam- 
width in 9 ss 90° plane varies between 47 ° and 81° in the 

frequency range of 2.8 to 3.2 GHz. 

Radiation pattern is measured in both 9 = 0 ° and 
9 » 90 planes at the various frequencies covering the 
entire bandwidth of the antenna. Only E @ component is 
present in 9 ;= 0° plane, and only E^ component is present 
in 9 sr 90 piano as predicted theoretically. E q component 
in 9 s= 0 plane is plotted for the two extreme frequencies 
{ f * 2*95 GHz and 3.325 GHz) in Fig. 4.21(a). At inter- 
mediate frequencies, remains between these two curves. 
3-db boamwid th is measured as 75° at f = 2.95 GHz and 73° 
at f k 3.325 GHz. E^ component of the radiation field in 
9 ss 90° plane is plotted at four different frequencies in 
Fig. 4.21(b). The variation of is in accordance with 
the theoretical values depicted in Fig. 4.20. A minimum 
is present in E at the various frequencies. 3-db beam- 

T 

width in 9 « 90° plane varies between 38° to 63° in the 
frequency range of 2.95 GHz to 3.325 GHz. Experimental 
values of the 3 -db bcamwidth in the two planes (9 = 0 ° and 
90° planes) are loss than that of the theoretical values. 

So, it has been observed that the. bandwidth of the RPA 
can be increased by using NEGCQMA configuration, but its 
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- 3-325 


V" E 0 (in <fr-0° plane) 



Fig.4-21 Experimental values ot radiation fields of 
NEGCOMA shown in Fig. 4-17 
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radiation chni act, eristics vary with frequency. The band- 
width of the NEGCOMA shown in Fig. 4.18, can be further 
improved by decreasing the gap-width between the resonators, 
which will increase the size of the loops present in its 

impedance locus. 

4.4 FOUR EDGES GAP COUPLED MICROSTRIP ANTENNAS ( FEGCQMA) 

4.4. 1 Introduction 

In Chapter Three, radiating edges gap coupled microstrip 
antennas (REGCOMA) have been analyzed to yield wider band- 
width. In that configuration, two resonators were placed 
adjacent to the radiating edges of the rectangular patch 
antenna, and the bandwidth obtained was of the order of 
510 MHz, While in case of NEGCOMA, discussed in Sections 

4.1 to 4*3, two resonators were gap coupled to the non- 
radiating edges of the rectangular patch element yielding 
a bandwidth of 480 MHz. If the additional resonators are 
placed adjacent to all the four edges of rectangular patch 
element, much wider bandwidth can be obtained as compared to 
REGCOMA and NEGCOMA. 

4.4.2 Analysis 

A four edges gap coupled microstrip antenna ( FEGCOMA ) 
with four parasitic elements of different lengths, is shown 
in Fig. 4,22. FEGCOMA is also analyzed by using Green’s 
function approach with segmentation method. If the two 
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Fig, 4-22 (a) Four edges gap coupled microstrip 


ar»tenna(FEGCOMA),(b) its even mode 
half section (for I4 and s 1 = s 4 )and 
(c) segmented network 
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parasitic elements along the non-radiating edges are iden- 
tical (i.e, 1^ =s 1^) , and gap-widths along non-radiating 
edges are equal ( i.o. 3^ = S^), then the antenna structure 
and feeding arrangement will be symmetrical with the axis 
XX# oO , even— mode half section of FEGCOMA , after taking into 
account the opon-ond fringing fields as shown in Fig. 4.22(b), 
is sufficient to analyze. To apply segmentation method, 
even-mode half section of FHGCOMA is divided into various 
segments as illustrated in Fig. 4.22(c). These segments are: 
four rectangular elements, throe gap-circuits and seven 
radiation conductance networks. The antenna edges are divided 
into 97 ports with connected c and d ports being 46 each and 
a single external p-port. Input impedance of the antenna is 
obtained front the impedance matrices of the individual seg- 
ments by using (2.5). 

A bandwidth of the order of 590 MHz (19.6 percent, 
f Q * 3.0 GHz ) is obtained for FHGCOMA with dimensions shown 
in Fig. 4.23 (inset). Input impedance locus of the antenna 
is plotted in Fig. 4.23, The value of the coefficients of 
gap capacitances are taken as : C c ^ = 1.0 for all the gap- 
widths and C * 0.37 for S ± , and 0.5 for S 2 and S 3> From 
Fig. 4.23, the following points may be observed. There are 
three loops present in the impedance locus. Loop 1 corresponds 
to the length 1 1 of the parasitic elements placed along the 
non-radiating edges, and loops 2 and 3 correspond to the 
lengths 1^ and 1 3 of the parasitic elements coupled to the 
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radiating edges of the rectangular patch element. The 
effects of varying the various parameters (i.e. , lengths of 
the parasitic elements, gap-widths between the central 
rectangular patch and the parasitic elements, and feed- 
point location) on the input impedance locus of FEGCOMA are 
similar to that of the effects of varying the parameters in 
the cases of REGCOMA and NEGCOMA. 

4*4,3 Ex^orlwynts and optimization 

Experiment has been performed on FEGCOMA with dimensions 
shown in Fig* 4* 24(a). Those dimensions are the combinations 
of the optimum dimensions obtained in the cases of REGCOMA 
and NEGCOMA separately. Experiment has not been performed 
on the dimensions obtained theoretically, because it has been 
noted in the cases of REGCOMA and NEGCOMA, that theoretical 
results do not agree well with the experimental results. 

Thus, it i$ more likely that the discrepancies in the two 
cases may add-up resulting in large deviation between the 
theoretical and experimental input impedance loci of FEGCOMA. 

Experimental input impedance locus of the antenna is 
plotted in Fig. 4.24(b). From this plot it may be noted that 
only two loops are present in the impedance locus and one of 
the loop lies outside the VSWR = 2 circle. The bandwidth 
of the antenna for VSWR 2.2 is 600 MHz (20 percent, 
f n * 3.0 GHz). 

V 
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Since the lengths 1^ 1 2 and 1 3 of parasitic elements 
are different, each length will yield a loop in the 
impedance locus. So, there should be throe loops in the 
impedance locus, but only two loops are present in the 
impedance locus. This may be due to the reason that the 
coupling along the non— radiating edges is not sufficient, 
so the* parasitic elements along the non-radiating edges 
are not getting properly excited. The loop inside the 
VSWft se 2 circle corresponds to the length l 3 , and the 
other loop is duo to the length 1 2 with some contribution 
from length 1^ . 

Another experiment has been carried out on FEGCOMA 
with gap-width reduced from 0.065 cm to 0.02 cm. Other 
dimensions are nearly equal to the corresponding dimensions 
of the previous experiment, as shown in Fig. 4.25(a). The 
input impedance locus of the antenna is depicted in Fig. 
4.25(b). As expected, throe loops are present in the 
impedance locus, but these loops are not inside the V3WR = 2 
circle. The bandwidth of the antenna for VSWR ^ 2.5 is 
707 MHz (23.2 percent, f Q - 3.04 GHz). 

At a lower frequency (about f = 2.8 GHz), the parasitic 
element of length 1 3 (= 2.76 cm) is resonant which results 
in a loop (i.e. loop l) in tho impedance locus. When the 

frequency is increased to nearly 2.95 GHz, the length 
1 3 (» 2.6 cm) becomes resonant , which yields loop 2 in the 
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Fig. 4*25 (a) FEGCOMA with S^CH^cm and 

(b) its experimental input impedance 

locus 
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impedance locus. But before this loop could have been 
completed, the length 1^ (- 2.54 cm) is resonant around 
f - 3.14 GHz, which produces another loop (i.e. loop 3) 

in the impedance locus. 

If the length 1 1 is decreased (from 2.6 cm to 2.4 cm), 
then the length 1^ will be resonant at lower frequency than 
1^. As 1^ is less than 2.6 cm, the second loop in the im- 
impo dance locus will shift downward and it may come inside 

the VSWR * 2 circle. 

In order to bring the three loops in the impedance locus 
inside the VSWR » 2 circle, another experiment has been 
performed on FEGCGMA, whose photograph is shown in Fig. 4.26 
and dimensions are depicted in Fig. 4.27(a). The length 1 1 
of the parasitic clement is reduced from 2.6 cm to 2.4 cm, 
and length is decreased from 2.54 cm to 2.49 cm. Input 
impedance locus and VSWR variation with frequency are plotted 
in Figs. 4.27(b) and 4.28. As expected, the three loops in 
the impedance locus are inside the VSWR = 2 circle. The 
bandwidth of the antenna for VSWR < 2 is 815 MHz (25.8 per- 
cent, f 0 — 3.16 GHz), which is 6.7 times the bandwidth of 
RPA (BW s 121 MHz). The ripples in the VSWR variation with 
frequency plot remain loss than VSWR = 1.8. The bandwidth for 
VSWR < 1.8 is 790 MHz, which is 7.6 times the bandwidth of 

corresponding RPA (BW * 104 MHz for VSWR $ 1.8). 
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Fio, 4.26 F EG COMA fabricated on the substrate with 
h * 0.318 cm and e r * 2.55 


0*02 


0*02 f 
3*0 


All dimensions 
are in cm 
6^2*55, h=0*3l8cm 


P - 2*8 
- 3*0 
r -3*2 
s - 3*4 
t - 3*6 


Fig. 427(a) FEGCOMA with l^-Acmand 

(b) its experimental input impedance 
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Radiation pattern of the antenna is measured in both 

».0 o 

cp ss 0 and cp — 90 pianos at the various frequencies for 
which V.jwH remains less than two. Only E 0 component of the 
radiation field is present in cp — 0*^ plane , and only E 
component is present in 9 = 90° plane as observed in the 
cases of REA, REG COMA and NEGCOMA, Eg component in 
cp — O c plane is plotted at four frequencies in Fig, 4.29(a), 
The 3-db boamwidth in 9 - 0° plane varies between 50° and 74° 

in the frequency range of 2.935 GHz to 3.542 GHz. A minimum 
is present in H 0 , and its level at f = 2.935 GHz is 13 db 
below the corresponding maximum level. 

component of the radiation field in 9 = 90° plane is 
plotted at four frequencies in Fig. 4.29(b) . The 3-db beam- 
width In f c 90° plane decreases from 68 ° to 33° as the 
frequency increases from 2.935 GHz to 3.542 GHz. Minima are 
present in at higher frequencies. The level of minima 
at f = 3.542 GHz is 11 db below the maximum level. 

In the case of REGCQMA, only Eg component in 9 = 0° 
piano changes with frequency, but E^ component in 9 = 90° 
plane remains almost unaltered with frequency'. While, in the 
case of NEGCOMA, there is no appreciable change in E 0 (in 
9 s 0 ° plane) with frequency but E in 9 = 90° plane varies 
with frequency* But in the case of FEGCOMA , both E 0 (in 
9 « 0° plan©) and E (in 9 « 90° plane) change with frequency. 



0 -20 -30 _ -30 -20 -1 
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Experimental values ot radiation 1 
of FEGCOMA shown in Fig. 4-26 
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Thu experimental bandwidth of FEGCOMA, shown in Fig. 

4.^6, can bo further improved by increasing the coupling 
be two on the resonators, which will increase the size of 
the 1 loops in the impedance locus. This can be achieved 
by decreasing the gap— widths between the resonators and by 
reducing the length 1 ± of the parasitic element. 

4,5 DISCUSSION 

Investigations have been carried out on NEGCOMA on the 
substrates having two different thicknesses (h = 0.159 cm 
and 0.318 cm) but equal dielectric constants ( e r = 2.55). 

The lengths of the parasitic elements, gap-width between the 
resonators, and feed-point location are optimized, and 
experiments have been performed on both the substrates, which 
yield broader bandwidth. The bandwidth of the antenna can be 
further improved by increasing the coupling between the reso- 
nators ( i . e , by decreasing the gap-width between the 
resonators). The gap-width cannot be decreased much as it is 
already very small (nearly 0.02 cm to 0.03 cm) . The coupling 
between the resonators can be increased by connecting the 
resonators directly through short sections of microstrip line. 
In the chapter Six, non-radiating edges directly coupled 
microstrip antennas are discussed, in which resonators are 
directly coupled instead of coupling through the gaps. 
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The experimental bandwidth of the FEGCOMA has been 
found to be 815 MHz (for substrate thickness h = 0.318 cm 
and e r ~ 2.55), which is much larger than the bandwidths 
of the REG COMA and NEGCOMA (510 MHz and 480 MHz res- 
pectively) . 



CHAPTER FIVE 


RADIATING EDGES DIRECTLY COUPLED MICROSTRIP ANTENNAS 

(REDCOMA) 

In Chapter Three, analysis and design of radiating 
edges gap coupled microstrip antennas ( REG COMA ) have been 
described* In REG COMA, two resonators have been gap coupled 
to the radiating edges of the rectangular patch antenna* This 
chapter contains the details of the investigations carried 
out on radiating edges directly coupled microstrip antennas 
(REDCOMA) using the Green’s function approach. The difference 
between the REGCOMA and REDCOMA is that the mechanism of 
coupling between the resonators is gap coupling in the former 
and direct coupling in the latter. 

5.1 ANALYSIS 

Two parasitic resonators of slightly different lengths 
( approximately half wavelength) and widths equal to that of 
the rectangular patch antenna are directly coupled to the 
radiating edges of the rectangular patch element through 
short sections of microstripline as shown in Fig. 5.1(a). 

The lengths of these connecting strips are taken long enough 
(greater than twice the substrate thickness) to minimize gap 
coupling between the resonators. The location of the 
connecting strips along the radiating edges of the resonators 
does not change the antenna characteristics because the field 
is uniform along these edges. These strips are located at the 




RC (Radiation conductance network) 

RE (Rectangular element) 


Fig. 5-1 (a) Radiating edges directly coupled microstrip 
antenna (REDCOMA).(b) even-mode half 
section, and (c) segmented network 
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mid-point of the widths of the resonators such that the 
antenna structure is symmetrical with respect to axis XX. 
Oven-mode half section of the REDCOMA with fringing fields 
at open-ends taken into account, is shown in Fig. 5.1(b). 

To apply segmentation method for analysis, even— mode 
half section of REDCOMA is divided into simpler segments 
(rectangular elements and radiation conductance networks) as 
illustrated in Fig. 5.1(c). Edges of the antenna are divided 
into / 3 ports, i.e. 36c- and 36d -ports and a single p— port 
corresponding to the feed-point location. Z-matrix for the 
multiport antenna structure is evaluated from (2.5) and 
the voltage distribution at the various ports is obtained 
from ( 2 . 6 ). Radiation fields are calculated from the voltage 
distribution by using (2.11). 

5.2 EFFECT OF ANTENNA PARAMETERS ON PERFORMANCE 

For any given patch dimensions (L = 3.0 cm and 
W - 2.0 cm), substrate specifications (e r = 2.55 and 
h s* 0.318 cm), and for the widths of the parasitic elements 
equal to the width of the central rectangular patch, the 
parameters which govern the input impedance characteristics 
of REDCOMA arc j lengths of the parasitic elements, length 
and width of the connecting strips (the two connecting strips 

are considered identical i.e. l cl - 1 C 2 = 1 C and w cl = w c2 w c^ 
and location of the feed-point. Study of the effects of these 
parameters on the performance of REDCOMA helps in optimizing 
the bandwidth of the antenna. 
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5.2,1 Lengths of the para s it ic elements 

Input impedance loci of REDCOMA for two different 
values of length 1 ± (2,85 cm and 2.75 cm) of parasitic 
element ai. o shown in Fig. 5.2. The other dimensions of the 
antenna are ; length I 2 = 2.55 cm, length and width of the 
connecting strips equal to 1. 1 cm and 0.05 cm respectively, 
and feed-point location given by a — 0.4 cm. From this 
plot, the following points may be noted. Two loops are 
pro sent in the impedance locus because of interaction 
between the rectangular patch and the two parasitic elements 
of different lengths. Loops 1 and 2 correspond to the 
lengths 1. and 1 2 of parasitic elements respectively. With 
decrease in length 1^ from 2,85 cm to 2.75 cm (i.e. the 
difference between the lengths and 1 2 is decreased), the 
loop 1 in the impedance locus shifts downward and towards 
the left side of the Smith chart and loop 2 shifts upward 
and towards the right side of the Smith chart. Also, the 
size of the loops decreases and loop 2 comes inside the 
loop 1. If the two lengths 1 1 and 1 2 are made equal, the 
two loops in the impedance locus will merge into a single 
loop, as observed in the case of REGCOMA. 

Impedance loci of REDCOMA for two different values of 
length 1 2 (2.55 cm and 2.65 cm) are plotted in Fig. 5.3. 
Other dimensions of REDCOMA are depicted in Fig. 5.3( inset). 
From the impedance locus plot it may be observed that when 
the length 1 2 is increased from 2.55 cm to 2.65 cm (i.e. the 



152 



Fig, 5*2 Input Impedance loci ot REDCOMA for two values 
of length of parasitic element 
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F‘ig,5'3 Input impedance loci of REDCOMA for two values 
of length I2 of parasitic element 



154 


difference between the two lengths is decreased), loop 2 
in the impedance locus shifts upward and towards the right 
side of the Smith chart and loop l shifts slightly downward. 
Also, the size of the loop 2 decreases slightly and it 

comes inside the loop l. 

5.2.2 .^Bd^width^of _the connecting strips 

Impedance loci of REDCOMA for two different values of 
length 1^ ( 1 » 1 cm and 0.9 cm) of connecting strips with other 
dimensions shown in Fig. 5. 4( inset) , are plotted in Fig. 5.4, 
and for two different values of width w (o.05 cm and 

• C ' 

0.15 cm), these are plotted in Fig. 5.5. From these plots, 
following may be noted. When the length l c is decreased 
from 1*1 cm to 0.9 cm ( or the width w is increased from 

V 

0.05 cm to 0*15 cm), the loops in the impedance locus shift 
upward and also their size is increased. This is due to the 
fact that with decrease in length 1 (or increase in width 

V 

w £ ), the coupling between the resonators is increased. 

5.2.3 F eed- point location 

For two different values of feed-point location 'a* 

(0.4 cm and 0,6 cm), input impedance loci of REDCOMA are 
plotted in Fig. 5.6. With the increase in the feed-point 
location from 0.4 cm to 0.6 cm, the impedance locus shifts 
upward and towards the left side of the Smith chart. However, 
there is no significant change in the shape of the impedance 
locus. 









Fig.S 6 Input impedance loci of REDCOMA for two 
different feed-point locations 
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5.3 EXPERIMENTS AND OPTIMIZATION 

Experiment has been performed on REDCOMA (shown in 
Fig. 5.7(a)), for which theoretical impedance locus is 
plotted in Fig. 5.7(b). The bandwidth of the antenna is 
515 MHz ( 15.6 percent, centre frequency f = 3.3 GHz), 
which is 4.7 times the bandwidth of RPA (BW = 110 MHz, 
f 0 ~ 2.985 GHz, L =2.9 cm, W = 2.0 cm, e = 2.55 and 

JL 

h = 0.318 cm). 

The experimental locus of input impedance is also 
plotted in Fig. 5.7(b). It can be observed from this plot 
that the experimental impedance locus is shifted towards 
the right side of the Smith chart as compared to the theoretical 
impedance locus, and both the loops in the impedance locus 
are not inside the VSWR = 2 circle . Similar discrepancy 
has been observed in the case of NEGCOMA also. 

Another experiment on REDCOMA (with dimensions shown in 
Fig. 5. 8 (inset)) has been carried out to bring both the loops 
in the impedance locus (of Fig. 5.7(b)) inside the VSWR = 2 
circle. To obtain this, the spacing 'a* between the feed 
point and the edge is increased from 0.2 cm to 0.6 cm, which 
will shift the impedance locus upwards as described in 
Section 5.2.3. The photograph of the fabricated REDCOMA 
is shown in Fig. 5*9. 
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Fig57(a) REDCOMA and (b) Us theoretical (— )and 
experimental ( — ) input impedance loci 
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Fig. 5-8 (a) Experimental input impedance locus and 
(b) VSWR variation with frequency of 
REDCOMA shown in inset 
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The experimental values of the input impedance locus 
and variation of VSWR with frequency are plotted in Figs. 
5.8(a) and 5.8(b) respectively. As expected, the two loops 
in tho impedance locus are shifted inside the VSWR = 2 
circle. The measured bandwidth of the antenna is 548 MHz 
(17.1 percent, f Q = 3.2 GHz), which is nearly five times 
tho bandwidth of RPA, 

Radiation pattern of the antenna (shown in Fig. 5.9) 
is calculated at various frequencies in both 9 = 0 ° and 

9 - 90 planes. E @ component of the radiation field in 

0 

9-0 plane* is plotted for three frequencies (f = 3.05, 

3*25 and 3.45 GHz ) in Fig. 5.10. A minimum is present in 
E 0 at all the three frequencies and its level at f = 3.45 GHz 
is 15 db below tho maximum level. 3 db beamwidth in 9 = 0° 
plane is 111 0 at f * 3.05 GHz and 40° at f = 3.45 GHz. 
Radiation is maximum along 0 = -40° direction at f = 3.05 GHz 
and it is 0.5 db below the maximum level along 0=0° dire- 
ction. At f * 3.25 GHz, maximum radiation occurs along 
© =s 20°, and tho level of radiation is 1.8 db below the 
maximum lovol along 0 » -36°. Radiation is maximum along 
6 b 4° at f * 3.45 GHz. With increase in frequency from 

3.05 GHz to 3.45 GHz, the level of radiation along 0 = 90° 
direction ( end- fire direction) decreases from 4.75 db to 

12.5 db with respect to tho corresponding maximum radiation 
levels. 




(b) 


ig.5 tO Theoretical values of (a) E 0 ( in <t»~ 0 # plane) 
and (b) E$(in 4>*90* plane) for REDCOMA 

shown in Fig. 5*9 
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E 9 component of radiation field in 9 = 90° plane is 
plotted for f = 3.25 GHz in Fig. 5.10(b). E^ is plotted 
only for a single frequency because there is no appreciable 
changu in its value with frequency. - 3 -db beamwidth in 

9 = 90° plane is 84°. 

Radiation fields of REDCOMA (shown in photograph 5*9) 
are measured in both 9=0 and 9 = 90° planes at various 
frequencies covering the entire bandwidth of the antenna. 
Experimental value of E Q in 9 = 0 ° plane is plotted in 
Fig. 5.11(a) for three frequencies (f = 3.015, 3.22 and 
3.42 GHz), whore VSWR plot passes through minima (shown in 
Fig. 5.8(b)). In the frequency range of 3.015 GHz to 
3.42 GHz, the direction of maximum radiation varies between 

r, r> o 

0 =s -40' and 0 = 12 , and 3 -db beamwidth in 9 = 0 plane 
remains between 27° and 38°, Radiation along © = 0° 
direction remains below 2.5 db of the corresponding maximum 

level at all the three frequencies. 

Experimental value of E^ in 9 = 90° plane is plotted 
for f - 3.25 GHz in Fig. 5.11(b). For comparison, theore- 
tical value of is also plotted. Experimental 3- db 
beamwidth Is found to be 78°, which is 6 ° less than the 

theoretical value. 

The bandwidth of REDCOMA ( shown in Fig. 5.8( inset)) 
can be further improved by increasing the coupling between 
the parasitic element of length I 2 a nd the central patch 
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0sO* 



Fig. 511 (a) Experimental values of Eq (in <fr=0 # plane) 
and (b) Theoretical (—) and experimental 
( — )values of E^> (in $ = 90 plane) for 
REDCOMA shown in pig. 5*9 
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element (i.o. by decreasing the length l c or by increasing 
the width \ n q of the connecting strip), which will increase 

the size of the smaller loop in the impedance locus shown in 

Fig. 5.8. 

5.4 DISCUSSION 

Radiating edges directly coupled microstrip antennas 
have been analyzed and optimized (for S-band operation) by 
using Green 1 s function approach and segmentation method. The 
bandwidth of the antenna obtained experimentally is 548 MHz 
(« 17.1 percent), which is nearly five times the bandwidth 
of RPA, and 36 MHz more than the bandwidth of REGCOMA. The 
width of the REDCOMA (w = 2.0 cm) is smaller than the width 
of REGCOMA (* a= 3,0 cm). The total length of the antenna 
structure in case of REDCOMA is 10.6 cm, which is nearly 
2.0 cm larger than the total length of REGCOMA. 

Agreement between the theoretical and experimental 
results is bettor in case of REDCOMA than REGCOMA, because 
in REGCOMA the values of capacitances used in the gap 
modelling wore not accurate. While in REDCOMA, coupling is 
only through the interconnecting microstriplines for which 
impedance Green's functions are accurately known. 



CHAPTER SIX 


NON-RADIATING EDGES DIRECTLY COUPLED AND FOUR 

EDGES DIRECTLY COUPLED MICROSTRIP ANTENNAS 

This chapter deals with the analysis and design of 
non-radiating edges directly coupled microstrip antennas 
(NEDCOMA) and four edges directly coupled microstrip 
antennas (FEDCOMA) using Green's function approach. Based 
on those designs, experiments have been performed on these 
two antenna configurations to yield broader bandwidth. 

6.1 NON-RADIATING EDGES DIRECTLY COUPLED MICROSTRIP ANTENNAS 

(NEDCOMA) 

6 . 1 . 1 Analysis 

A non-radiating edges directly coupled microstrip 
antenna Is shown in Fig, 6.1(a). In this configuration, 
two parasitic elements are connected (directly coupled) to 
non-radiating edges of rectangular patch antenna via short 
sections of microstrip line. The lengths 1^ and I 2 of these 
parasitic elements are taken slightly different but nearly 
equal to half wavelength, and widths of the elements are 
taken equal to that of the central rectangular patch. The 
lengths 1^ and 1 2 are selected to obtain the wider bandwidth. 
The locations of the connecting strips are chosen to yield 
optimum coupling, and are generally near the corners of the 
rosonators. The lengths of these strips are taken slightly 



16S 



93 

RC| 

93 


66 • 

~mr~ 
• * 

• 9i 

SO • 

« > # 

• ss 

36 

RE 

36 

37 


39 

21i_ 

* » * 

• 39 


94 

RC 



i^RC (Radiation 
Ej conductance 
-E . — > network) 


RECR*ctcinQiitar 
jjg gSfflk , element) 

« « ♦ 4 . j), 


146 
IIOH54 


RC 

Itt 


RE 


« 57 

40 • * * *45 

“i rirxarrir 


02 

RC 

it3 


^6 


JUL 


sot 


(b) 


Fig. 6*1 (a) Non-radiating edges directly coupled 
microstrip antenna (NEDCOMA) and 
(b) its segmented network 
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greater than twice the thickness of the substrate so that 
the capacitive coupling through the gaps is negligible. 

The analysis procedure for NEDCOMA is similar to that 
for REDCOMA of Chapter Five. The planar model, obtained 
by extending the physical boundary outward to account for 
the open-end fringing fields, is divided into simpler seg- 
ments (rectangular elements and radiation conductance 
networks) as shown in Fig. 6.1(b). The interfaces between 
the various segments are divided into 105 ports : namely 
52c— and 52d— ports, and a single p-port corresponding to 
the food-point location. Z-matrix for the overall circuit 
is obtained from the Z-ma trices of the individual segments 
by using (2.5). The radiation fields are evaluated from 
(2.11) after calculating the voltage distribution at various 
ports by using (2.6) . 

6*1.2 Effe ct o f antenna parame ter s on the input impe dance 

For any specified patch dimensions (L = 3.0 cm and 
W ss 2*0 cm), substrate parameters ( e r = 2.55 and h = 0.318 cm) 
and for the widths of the parasitic elements equal to the 
width of central rectangular patch, the input impedance of 
NEDCOMA is affected by the following parameters: lengths of 
the parasitic elements, dimensions (lengths and widths) of the 
connecting strips, and locations of the connecting strips and 
food-point. Tho effects of those parameters on the input 
impedance locus are discussed in this section. 
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L£22ii2I_2|.tho -£ arasitic > _elGmGnts 

For two different values of the length l (2.75 cm 
and 2.65 cm) of the parasitic element, input impedance loci 
of NEDCQMa are plotted in Fig. 6.2. The other dimensions are: : 
length I 2 = 2.45 cm, l c = 0.7 cm, w c = 0.2 cm, and locations 
of the connecting strips and feed— point (given by ’ a ' and ’ b* ) 
equal to 0.6 cm each. A study of these impedance loci plots 
loads to the following observations. There are two loops 
in the impedance locus. Those loops are caused by the intera- 
ction between the rectangular patch and the parasitic elements. 
Loops 1 and 2 correspond to the resonances of the larger 
length 1^ and the smaller length I 2 of parasitic elements 
respectively. When the length 1^ is decreased from 2.75 cm 
to 2*65 cm, loop 1 shifts towards the left side of the Smith 
chart and comes nearer to the loop 2. Also, size of the 
loop 1 decreases significantly. As the length 1 1 is further 
reduced, the two loops will come nearer and nearer, and will 
finally merge into a single loop when length 1^ becomes equal 
to 1 0 . 

mm 

The input Impedance loci of NEDCOMA for two different 
values of length 1 2 (2.45 cm and 2.55 cm) of parasitic 
element, with other dimensions shown in Fig. 6.3 (inset), are 
plotted in Fig. 6,3. With increase in length 1 2 from 2.45 cm 
to 2.55 cm ( i.o. when tho difference between the two lengths 
1^ and lg is reduced) , loop 2 shifts upward and towards the 
right side of tho Smith chart, and comes nearer to the loop !• 
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Fig, 6-2 Input impedance loci of NEDCOMA tor two different 
values of length h of parasitic element 
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ftnGc tincj s trigs 

Impedance loci of NHDCCMA for two different values of 
length l c (0.7 cm and 0.9 cm) of connecting strips are 
plotted in Fig. 6.4, and for two different values of width 
w c (0.3 cm and 0.1 cm), these are plotted in Fig. 6.5. With 
increase in length 1 Q from 0.7 cm to 0.9 cm (i.e. the 
spacing between the rectangular patch and the parasitic 
elements is increased), both the loops in the impedance locus 
shift towards the left side of the Smith chart. 

When the width w c is decreased from 0.3 cm to 0.1 cm, 
both the loops in the impedance locus (shown in Fig. 6.5) 
shift downward and also their sizes are reduced slightly 
because of decrease in the coupling between the resonators. 

L oca tion of th e connecting strips 

For two different locations of the connecting strips 
(b * 0.6 cm and 0.75 cm), input impedance loci of NHDCOMA 
are depicted in Fig. 6.6. With the increase in the value 
of b, both the loops in the impedance locus shift downward 
with their sizes reduced, and also the two loops shift apart. 

In NEDCOMA, the field varies along the non-radiating 
edges and it is maximum at the corners. Thus, when die 
location of the connecting strip is shifted away from the 
corner, 1 the field value decreases and hence the coupling 
between the resonators is reduced. This results in decrease 
in the size of the loops. 




Fig.6-4 Input impedance loci of NEDCOMA for two 
different values of length t c of connecting 

strips 




Hg.6*5 Input impedance loci ot NEDCOMA tor two 

values of width w c ot the connecting strips 
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Fig. 6*6 Input impedance loci of NEDCOMA tor tv/o different 
locations 'b* of the connecting strips 
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F gg j~ p .Qi n t lo cati o n 

Input impedance loci of NEDCOMA, for two different 
values of food-point location (a = 0.6 cm and 0.39 cm), are 
plotted in Fig. 6.7. When the feed-point location is 
changed from 0.6 cm to 0.39 cm, the impedance locus shifts 
downward and towards the right side of the Smith chart, but 
the shape of the impedance locus remains unaltered. 

6.1.3 Expe ri ments 

After studying the effects of various parameters on the 
input impedance, the bandwidth of the antenna is optimized 
(maximized) by bringing the two loops in the impedance locus 
inside the VSWR » 2 circle on the Smith chart. For the 
NEDCQMA shown in Fig. 6.8 (inset), the theoretical input 
impedance locus is depicted in Fig. 6.8. It may be noted 
from this plot that both the loops In the impedance locus are 
Inside the VSWR * 2 circle. The bandwidth of the antenna is 
485 MHz (15.1 percent, centre frequency f Q = 3.21 GHz), which | 
is 4.4 times the bandwidth of RPA (BW = 110 MHz for W = 2.0cm). 

The experiment has been carried out on NEDCQMA, with : 

dimensions shown in Fig. 6.9 (inset), for which theoretical ! 

input impedance locus is plotted in Fig. 6.9(a). It may be 
observed from this plot that both the loops in the theoretical 
impedance locus are not inside the VSWR = 2 circle. One loop 
is located slightly outside the left side of the VSWR = 2 
circle. The purpose of performing the experiment on these 
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€ r = 2’55.h = 0-318cm 
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Fig, 6 9(a) Theoretical (---) and experimental ( — 0 input 
impedance loci and (b) experimental VSWR 
variation with frequency of NEDCOMA 
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dimensions was to find out whether the loops in the 
experimental impedance locus shift towards the right side 
of the Smith chart as observed earlier in the cases of 
NEGCQMA and REDCOMA* 

The photograph of NEDCOMA fabricated is shown in 
Fig. 6.10. The experimental input impedance locus and 
VSWR variation with frequency are plotted in Fig. 6.9(a) 
and (b) respectively. As expected, the two loops are 
inside the VSWR = 2 circle. The bandwidth of the antenna 
obtained experimentally is 605 MHz (18.3 percent, 
f Q = 3.31 GHz), which is 5.5 times the bandwidth of RPA. 
Experimental bandwidth is more than the theoretical value 
because dielectric losses, conductor losses, and losses due 
to surface wave propagation have been ignored in the analysis.: 

6.1.4 Radiation pattern 

Radiation pattern of the NEDCOMA shown in Fig. 6.10 has 
been calculated in both g = 0° and g = 90° planes at various 
frequencies of interest. Only Eg component of the radiation 
field is present in 9 = 0° plane and only E^ component is 
present in 9 * 90° plane, as in the case of RPA. Eg in 
9=0° plane is plotted for two frequencies (f = 3.05 GHz 
and 3.45 GHz) in Fig. 6.11(a). At other frequencies, the 
value of Eg varies between these two curves. 3-db beamwidth 
in 9 « 0° piano at the two frequencies is equal to 97 . With 
increase in the frequency, E Q curve becomes asymmetrical 
with respect to 8 = 0° direction. 







Eo( in <|>=0 plane) 


E<|> ( »n 4»~90 plane) 


Fig* 6*11 Theoretical values of E 0 in 4»-0 plane and 

E<j> in4> = 90° plane of NEDCOMA shown in 
photograph 6*10 
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E <p com P°nent in 9 = 90° plane for three different 
frequencies (f « 3.05, 3.25 and 3.45 GHz) is depicted in 
Fig. 6 . 11 (b), 3-db beamwidth at these three frequencies 
is 58 , 52 and 75 respectively. Direction of maximum 
radiation varies between e = 0° and © = 20° with the 
frequency. Radiation along 0=0° direction remains below 
2*0 db of the corresponding maximum level. A minimum is 
present in E^ at higher frequency (f = 3.45 GHz ) and its 
level is 16 . 5 db below the maximum level. 

Radiation pattern is measured in both 9=0° and 
9 = 90° planes at the various frequencies for which VSWR 
remains less than two. E e component in 9 = 0° plane is j 

plotted for two frequencies (f = 3.07 GHz and 3.49 GHz) in 
Fig. 6.12(a). 3-db beamwidth in 9 = 0° plane at the two 
frequencies is 69° and 79° respectively. At the higher 
frequency, is more asymmetrical with © = 0° direction. 

E component in 9 = 90° plane is plotted for j 

T i 

f * 3.15 GHz and 3.49 GHz in Fig. 6.12(b). 3-db beamwidth 
in 9 = 90° plane at these frequencies is 65° and 59° res- j 

poctivoly. Radiation is maximum along © = 20° at f = 3.15 GHz 
and along © = -15° at f = 3.49 GHz. Radiation along © '=* 0° ; 

direction at the two frequencies remains below 1.8 db of the ; 
corresponding maximum radiation level. The level of minimum 
present in E at f » 3.49 GHz is 12 db below the maximum I 

(p I 


level* 



Eft On 4>-0 plane) 


E$ ( in 4>~90 plane) 


Fig. 6*12 Experimental values of E@ in 4>*0 plane and 
E* in <t> a 90* plane of NEDCOMA shown in 

photograph 6*10 
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The bandwidth of NEDCOMA (shown in Fig. 6.9 (inset)) 
can be further improved by increasing the width w c of the 
connecting strips (which will increase the size of the 
loops in the impedance locus of Fig. 6.9(a)). Also, the 
length I 2 can be decreased from 2.45 cm to 2.4 cm, so the 
parasitic element will be resonant at higher frequency and 
hence the bandwidth will increase further. 

6.2 FOUR EDGES DIRECTLY COUPLED MICROSTRIP ANTENNAS (FEDCCMA) 


It has boon pointed out in Section 4.4 that four edges 
gap coupled micro strip antennas yield much more wider band- 
width than the radiating edges gap coupled or non-radiating 
edges gap coupled microstrip antennas. Similarly, it can be 
expected that four edges directly coupled microstrip antennas 
(FEDCQMA) will also exhibit better bandwidth than REDCOMA or 


NEDCOMA. 


6.2.1 Analysis 

mm mm mm •"mAnmomm m « 


In FEDCOMA, four parasitic elements of slightly different: 
lengths are directly coupled to the four edges of the rectan- 
gular patch antenna through short sections of •microstrip line 
as shown in Fig. 6.13(a). The width W of all the parasitic 
elements is taken equal to that of rectangular patch element ; 
itself. If the parasitic elements coupled to the non- 
radiating edges are identical (i.e. 1 3 » 1 4 ) $ and the dimen- 
sions and locations of the connecting strips along the non- 
radiating edges are identical (i.e. l c3 = l c4 » w c3 = w c4 and 
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^ I4 — H 


(a) 



Fig. 613(a) Four edges directly coupled microstrip 
antennas (FEDCOMA) and (b) segmented 
network ot even-mode halt section of 

FEDCOMA 
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k*l ^2^ * ^ cn antenna structure will bo symmetrical with 
respect to the axis XX. Even-mode half-section of FEDCOMA, 
after extending the physical boundary outwards to account for 
the opon-ond fringing fields, is divided into rectangular 
elements and radiation conductance networks as shown in 
Fig. 6.13(b)., As before the outer .periphery of the antenna 
is divided into various ports. Input impedance and radiation 
pattern of FEDCOMA are evaluated from (2.5) and (2.11) res- 
pectively. 

6.2.2 Og t im i z a t ± o n__ a nd__e xg g x- imo n -t 

For any given patch dimensions (L = 3.0 cm and 
W = 2.0 cm), substrate specifications (e = 2.55 and 
h =* 0.318 cm), and widths of all the resonators being equal to 
2.0 cm, the parameters which govern the input impedance 
characteristics of FEDCOMA are : lengths of the parasitic 
elements, dimensions of the connecting strips, locations of 
the connecting strips along the non-radiating edges of 
rectangular patch element, and the feed-point location. 

The effects of these parameters on the input impedance of 
FEDCOMA are similar to that in the cases of REDCCMA and 
NEDCOMA, discussed in Chapter Five and Section 6.1. 

If the lengths 1 1 ,1 2 and l 3 of parasitic elements are 
slightly different ( but all approximately half wavelength) , 
then there will be three loops in the impedance locus. Each 
one of those loops corresponds to the parasitic elements of 
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different lengths. The above mentionod pararaeters are 

optimized, to bring the three loops in the impedance locus 
inside the VSWR = 2 circle. This yields broader bandwidth 
than REDCOMA or NEDCQMA, because there are three loops 
Inside the VSWR = 2 circle instead of two loops. 

A theoretical bandwidth of the order of 630 MHz 
(18.9 percent, f Q = 3.34 GHz) is obtained for the FEDCQMA 
shown in Fig. 6.14(a). Theoretical input impedance locus 
is plotted in Fig. 6.14(b), From the impedance plot, it may 
be observed that there are throe loops in the impedance 
locus which are inside VSWR = 2 circle on Smith chart. 

Loops 1,2 and 3 correspond to the lengths 1 1 (= 2.85 cm), 
lg ( = 2*635 cm) and 1^ (= 2.35 cm) of parasitic elements 
respectively. 

Experimental input impedance locus and VSWR variation 
with frequency arc plotted in Figs. 6.14(b) and 6.15 res- 
pectively. Photograph of the FEDCOMA fabricated is shown in 
Fig. 6,16* Some discrepancy between theoretical and experi- 
mental input impedance loci may bo noted. All the three loops 
in the experimental input impedance locus are shifted slightly 
downward on the Smith chart, but they are still inside the- 
VSWR * 2 circle. The experimental bandwidth of the antenna is 
810 MHz (24 percent, f Q - 3,38 GHz), which is 7.36 times the 
bandwidth of the corresponding RPA (BW =109 MHz). As in the 
other cases tho experimental bandwidth is much larger than the 
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theoretical bandwidth, because of the dielectric losses, 
conductor losses, and surface wave propagation losses 
associated with the configuration. 

6*2*3 H j* d i £rt ion gBt'tGrn 

Radiation pattern of FEDCOMA (shown in Photograph 6.16) 
is calculated in both 9 = 0° and 9 = 90° planes at the 
various frequencies covering the entire bandwidth of the 
antenna. component of the radiation field in 9 = 0 ° 
piano is plotted at four frequencies in Fig. 6.17(a). From 
this plot it may be noted that the direction of maximum 
radiation varies between e = -35° and 0 = 24° in the 
frequency range of 3.1 GHz to 3.6 GHz. However, along 9 = 0° 
direction, level of radiation remains within 2.8 db of the 
corresponding maximum level; A minimum is present in Eg, and 
its level at f =* 3.1 GHz is 16 db below the maximum level. 

component in 9 = 90° piano is plotted at three fre- 
quencies in Fig. 6.17(b). 3-db beamwidth in 9 = 90° piano 
decreases from 87° to 43° as the frequency increases from 
3.1 GHz to 3.6 GHz. E^ is symmetrical with respect to 6 = 0° 
axis, because the parasitic elements and connecting strips 
along the non-radiating edges are identical. 

Radiation pattern of the above FEDCOMA is measured 
in both 9 = 0° and 9 = 90° pianos at the various frequencies 
for which VSWR remains less than two. E @ component in 9 = 0° 
plane is plotted at four frequencies in Fig. 6.18(a). In the 
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frequency range of 3.025 GHz to 3.72 GHz, direction of maximum 
radiation varies between 0 = -40° and © = 35°, and 3-db beam- 
width in 9 = 0 plane fluctuates between 45° and 56°. A mini- 
mum is present in E Q , and its level at f = 3.025 GHz is 7 db 
below the corresponding maximum level. 

Eqj m 9 = 90 plane is plotted at three frequencies in 
Fig* 6.18(b). With increase in the frequency from 3.025 GHz to 
3.72 GHz p 3-db beamwidth in g = 90° plane decreases from 61° 
to 36°, This value is less than -the theoretical value. Similar 
discrepancy has also been observed in other antenna structures 
discussed in the previous chapters. 

The bandwidth of the FEDCOMA (shown in Fig. 6.14(a)) can 
bo improved further by increasing the size of the loops 2 and 
3 in the input impedance locus shown in Fig. 6.14(b). This 
can be achieved by increasing the value of width w c2 and w 
of the connecting strips, and by reducing the length lg of the 
parasitic element slightly. 

6.3 DISCUSSION 

In this chapter, the bandwidth of the rectangular patch 
antenna has been increased by using NEDCCMA and FEDCOMA 
configurations. In NEDCOMA, the various parameters which are 
optimized to yield broader bandwidth are : lengths of the 
parasitic elements, dimensions and locations of the connecting 
strips, and feed-point location. Based on these designs, 
experiments have been carried out yielding a bandwidth of 
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605 MHz (18.3 percent, f Q = 3.31 GHz). The bandwidth 
obtained in this case is more than the bandwidth of NEGCOMA 
(BW = 480 MHz), but the number of variables to be optimized 
are also more. Theoretical results agree better with the 
experimental results in case of NEDCOMA than NEGCOMA, because 
in the case of NEGCOMA, the modelling of gaps was not 
accurate. 

The bandwidth of the FEDCOMA obtained experimentally is 
810 MHz (24 percent, f Q = 3.38 GHz), which is nearly equal to 
the bandwidth of FEGCOMA. The bandwidth of FEDCOMA can be 
further improved by considering parasitic elements along the 
non-radiating edges of different lengths, which will yield 
four loops in the impedance locus instead of three loops. In 
this case, computation time for arriving at the optimum confi- 
guration will be nearly double, because the circuit is not 
symmetrical with axis XX (shown in Fig. 6.13(a)) and the full 
circuit need to be analyzed. 



CHAPTER SEVEN 


CONCLUDING REMARKS | 

This chapter contains a summary of the results reported 
in this thesis and some suggestions for further investigations 

7.1 SALIENT RESULTS 

7.1.1 Gener a l appro ach 

In this thesis, several microstrip antenna configura- 
tions which yield broader bandwidth as compared to commonly 
used rectangular patch antennas, have been reported. These 
configurations are : radiating edges coupled, non-radiating 
edges coupled, and four edges coupled microstrip antennas. 

These antenna configurations consist of multiple resonators 
of slightly different resonant lengths. At some operating 
frequency, one of the resonators is resonant and at nearby 
frequencies, other resonators become resonant. This staggering! 
of resonances yields wider bandwidth. Two types of mecha- 
nisms for coupling between the resonators have been investi- 
gated, namely, gap coupling and direct coupling. In gap 
coupling, two resonators are placed adjacent to each other 
with a narrow gap between them. In direct coupling, resonators 
are coupled through a short section of microstrip line. 

Green’s function approach and segmentation method have 
been used for analyzing and designing these antenna structures. 
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In segmentation method, the antenna configuration is divided 
into various simpler segments, for which impedance Green's 
functions are known. In the gap coupled configurations, the 
gap between the coupled resonators has been modelled as a 
capacitive n— network. The value of these capacitances has 
been evaluated from the expressions available for the 
asymmetric coupled microstrip lines. All the series capa- 
citances in the 7t-networks are shunted by conductances which 
account for the radiation from the gap. This capacitive 
network model for the gap has been considered as one of the 
segments in the segmentation procedure. Based on these 
designs, more than fifty antennas have been fabricated for 
S-band operation on polystrene substrate ( e r = 2.55) of two 
different thicknesses (h = 0.159 cm and 0.318 cm). 

7,1.2 Ga p-coup l ed a nte nna s 

In radiating edges gap coupled microstrip antennas 
(REGCOMA), two resonators have been placed in close vicinity 
of radiating edges of a rectangular patch element. Lengths 
of these resonators have been taken slightly different but 
approximately equal to half wavelength. The various para- 
meters which have been optimized to yield broader bandwidth 
are : lengths of the parasitic elements, gap between the 
resonators, and location of the feed-point. With increase 
in substrate thickness h from 0.159 cm to 0.318 cm, the 
experimental bandwidth of the antenna increases from 330 MHz 
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to 510 MHz, while the bandwidth of the rectangular patch 
antenna increases from 62 MHz to 121 MHz. 

In case of non-radiating edges gap coupled microstrip 
antennas (NEGCOMA ), two resonators of slightly different 
lengths (approximately half wavelength) have been placed 
adjacent to the non-radiating edges of the rectangular 
patch element. In this configuration, the gap-width between 
the resonators is required to be much smaller (nearly 0.2 to 
0.3 mm) than that in the case of R33C0MA. This is because 
of the fact that the field varies roughly sinusoidally along 
the non-radiating edges. So for any specified gap-width, 
the coupling will be less as compared to RH3C0MA, where the 
field Is nearly uniform along the coupled radiating edges. 

By doubling the thickness of the substrate (from 0.159 cm to 
0.318 cm), the measured bandwidth of the antenna increases 
from 225 MHz to 480 MHz. 

Four edges gap coupled microstrip antennas (FB3C0MA) 
contain four parasitic elements which are gap coupled to the 
four edges of rectangular patch element. The length of the 
parasitic elements placed along the non-radiating edges has 
been taken equal, so that only even-mode half section of the 
antenna is needed to be analyzed, thereby reducing the compu 
ta tional time to half. Experimental bandwidth of FEGCOMA is 
found to be 815 MHz for h = 0.318 cm. 
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7.1.3 Dir ectly couple d anten nas 

In the cases of radiating edges directly coupled 
(REDCOMA), non-radiating edges directly coupled (NEDCOMA), 
and four edges directly coupled microstrip antennas (FEDCOMA), 
additional resonators have been coupled directly to the 
radiating edges, non-radiating edges and all the four 
edges of the rectangular patch element through short 
sections of microstrip lines. The lengths of these connecting 
strips have been taken larger than twice the substrate thick- 
ness to minimize coupling through the gaps. The parameters 
of the REDCOMA, which have been optimized to obtain broader 
bandwidth are : lengths of the parasitic elements, lengths 
and widths of the connecting strips, and feed-point location. 

In NEDCOMA and FEDCOMA, the field varies along the non- 
radiating coupled edges, so the coupling between the reso- 
nators is more when the connecting strip is located at a 
higher field point, which is near the corner. Therefore, for 
these two antenna configurations, locations of the connecting 
strips along the non-radiating edges have been taken as 
additional design parameters alongwith the other parameters 
of REDCOMA . In FEDCOMA, the parasitic elements along the non- 
radiating edges have been considered identical for economy 
of the limited computer time budget. The bandwidths obtained ! 
experimentally for REDCOMA, NEDCOMA and FEDCOMA are 548 MHz, 

605 MHz and 810 MHz respectively. 
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7.1,4 Comparison 

A comparison of the experimental bandwidth of the 
various types of antennas (for substrate thickness 
h = 0.318 cm and e r = 2.55) is given in Table 7.1. 

Table 7,1 Experimental bandwidth of the various types of 
antennas (Substrate thickness = 0.318 cm, 
e r = 2.55) 


Antenna 

configurations 

Centre 

frequency 

(GHz) 

Bandwidth 
in MHz 

Percentage 

bandwidth 

1. RPA* 

2.985 

109 

3.7 

2. REGCOMA 

3.020 

512 

16.9 

3. NEGCOMA 

3.110 

480 

15.4 

4. FEGCOMA 

3.160 

815 

25.8 

5. REDCOMA 

3.200 

548 

17.1 

6. NEDCOMA 

3.310 

605 

13.3 

7. FEDCOMA 

3.380 

810 

24.0 

^Rectangular patch antenna is 
purposes. 

included for 

reference 

Radiating 

edges directly 

coupled and 

non-radiating 


edges directly coupled microstrip antennas give larger band- 
width than the corresponding gap coupled antennas. Four 
edges gap coupled and directly coupled microstrip antennas 


yield largest bandwidth 
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7.2 FURTHER INVESTIGATIONS 

Investigations reported in this thesis could be 
extended further in. several directions. Some of the ideas 
which appear worth exploring, are summarized in this section. 

7.2.1 Unsym me tri cal f our e d ges coup le d antennas 

In the four edges gap coupled and directly coupled 
microstrip antennas discussed in Chapters Four and Six res- 
pectively, the two parasitic elements coupled to the nonradia- 
ting edges of rectangular patch element have been taken iden- 
tical. If these parasitic elements are of different lengths, 
the symmetry about the plane XX (Figs. 4.22(a) and 6.13(a)) 
is no longer present, and the computational time required for 
the analysis and the optimization will be nearly double. How- 
ever, the bandwidth of the antennas will improve further. For 
an unsymmetrical four edges directly coupled microstrip 
antenna, shown in Fig. 6.13(a), when the lengths L, l^^.lg 
and 1 4 are unequal, there will be four loops in the input 
impedance locus instead of three loops for FEDCOMA discussed 
in Section 6.2. Each loop in the impedance locus will 
correspond to the resonance of one of the parasitic elements. 
This configuration has not been analyzed and optimized so far 
because of the limitations of the computer time available. 

7.2.2 Mixod_(qap_and_direct)_couplirKj in microstrip antenn as 

In directly coupled antennas discussed in Chapters Five 
and Six, the lengths of the connecting strips are taken larger 
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than twice the substrate thickness to avoid coupling because 
of the gap capacitances. If the lengths of these connecting 
strips are small, then the coupling between the resonators 
will be through the connecting strips as well as through the 
gap between the resonators. The combination of gap coupling 
and direct coupling can bo used in the various antenna confi- 
gurations described in this thesis. Number of design para- 
meters remain the same, only the restriction that the strip 
length be greater than twice the thickness of the substrate 
can now be relaxed. This relaxes the constraint on the 
minimum length of the connecting strips in the directly 
coupled configuration and is likely to lead to a better opti- 
mized antenna configuration. Such an antenna configuration 
can be analyzed by combining the techniques used for gap 
coupled and directly coupled antennas. Segmented network 
model of a radiating edges mixed(gap and direct)coupled antennal 
configuration is shown in Fig. 7.1. 

7.2.3 Arrays of , b ro adband microstrip an tenna s 

The broadband antenna configurations proposed in this 
thesis can be used in microstrip antenna arrays also. This 
will increase the bandwidth of the antenna arrays considerably. 
A few suggestions are depicted in Figs. 7.2 and 7.3. Both 
series-fed and corporate-fed arrays can be designed. There is 
a need for both theoretical and experimental investigations 
in this area • 






















(b) 

Fig. 7*2 Series-fed arrays of (a) REGCOMAS and 
(b) NEDCOMA’S 
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A series-fed array of rectangular elements [30] can 
in itself be analyzed by employing the technique used in 
this thesis for two-edges and four-odges directly coupled 
microstrip antennas. 

7.2.4 Coup led trapezo ida l mi cr os trip a ntenn as 

It has been discussed in Section 1.2.2 that trapezoidal 
structured antennas yield 20 percent more bandwidth than the 
commonly used rectangular microstrip antennas [57]. If 
these trapezoidal structures are used in place of rectangular 
structures used in the various broadband antenna configura- 
tions studied in this thesis, the bandwidth of the antennas 
will increase further because the bandwidth of each element 
is now 20 percent higher. Radiating edges gap coupled, non- 
radiating edges gap coupled, and four edges directly coupled 
microstrip antennas with trapezoidals instead of rectangles 
are depicted in Fig. 7.4. Other configurations with trapezoi- 
dals can be realized in a similar way. One of the difficul- 
ties with the analysis of trapezoidal configuration arises 
because of the fact that unless a very specific trapezoidal 
shape (with a = 30°, 45° or 60°) is selected, the segmentation 
method of partitioning the circuit Into simpler segments is 
not applicable. If the angle a has a much smaller value, as 
in the case of results reported in [57] , contour integral 
approach [68] can be used. This technique has been developed 
for the analysis of two-dimensional microwave circuits of 
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arbitrary shapes and can also be used for microstrip antennas 

of arbitrary shape, 

7,2.5 Gap coupled plana r m ic ro w av e circuits 

Capacitive coupling through a gap between parallel edges 
of two planar components, which has been used for gap coupled 
antennas in this thesis, has also been recommended [69] 
for use in two-dimensional planar microwave circuits. Seg- 
mentation method with the gap modelled as a two-dimensional 
capacitive tt-network, as developed in this thesis, can be 
used for analysis of these gap coupled circuits also. Segmen- 
tation model for the analysis of a band-stop filter using 
triangular resonators gap coupled to the main line is shown 
in Fig. 7.5. When the substrate height is small and/or the 
dielectric constant of the substrate is large, radiation 
effects can be ignored and the analysis becomes much simpler. 
Radiation conductance network need not be considered at the 
open edges of the triangular resonators. Also the capacitive 
ic-network is now a pure capacitive network as the conductances 
corresponding to the radiation are not included. 

Gap coupled circuits in stripline configuration can also 
be analyzed using a similar technique. The values of the 
capacitances for the capacitive it-network in this case are 
obtained from the formulas available for asymmetric coupled 
striplines [70]. 




TLS - Transmission line section 
TR -Triangular resonator 

GC - Gap-circuit 

■(b) 

Fig.75(a) Band stop filter using gap coupled 
triangular resonators and (b) its 
segmented network 










APPENDIX A 


MEASUREMENT OF DIELECTRIC CONSTANT 

The dielectric constant of the substrates, which have been 
used for fabricating the various microstrip antennas, was 
measured as follows [45]. 

A half-wave resonator in stripline configuration has been 
fabricated. The resonator is excited by a gap coupled feed-line 
as depicted in Fig. A,l. The widths (w) of the resonator and 
feed-line are taken equal to that of a 50 ohms stripline with 
an assumed value of dielectric constant e r = 2.55. The length 
of the resonator is extended outward to account for the open- 
end fringing fields, and the extension in the length is given by 

6 = 2h_±a_2 (A.l) 

% 

where h is the thickness of the substrate. The resonance 
frequency (f r ) of the resonator is measured, from which the 
dielectric constant of the substrate is evaluated as 



where c = 3x10 


8 


m/ sec. 


(A. 2) 



50 n Coax 


Ground plane 


to strip 
transition 


Fig. A.1 A stripline half-wave resonator with 
upper plane removed 




APPENDIX B 


EVALUATION OF GAP CAPACITANCES 

In this appendix, the values of the gap capacitances 
are evaluated from the formulas for asymmetric coupled 
microstrip lines [67], 

An asymmetric coupled microstrip line configuration is 
shown in Fig. B.l. The break-up of total line capacitance 
into a parallel plate and two fringing capacitances, one for 
each side of the strip, is also shown for even and odd mode 
circuits. The values of the gap capacitances shown in Fig.B.2, 


are obtained as 



C 1 = C fl’ C 2 ~ C f2 

• (B.l) 

and 

n ***** 

< C ca +C ad- C h)( C aa +C ad- C f2) 

(B.2) 

<3 

2(C ga +C gd)' C fr C f2 

where 

C fi / e r 

(B.3) 

C fi~ 

1+A i ( h/s) tanh( 12 S/h) N / e re i 

ii 

O 

°.5(fe rei / cZ oi - C p .) 

(B.4) 

A i - 

exp[-0*l exp( 2. 33-2. 53 W^/h)] 

(B.5) 

C pi = 

e o e r V h 

(B.6) 

e rei 

e r +1 , e r _1 (1 . 121U-4 

7 r + 2 u + 

(B.7) 


where i = 1,2 mean that the corresponding capacitance expre- 
ssions should be evaluated for the stripwicttti or W 2 , Z Qi 



215 


Magnetic wall 
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Electric wall 
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Fig. B1 Asymmetric microstrip coupled line and 
Us (a) even-mode capacitances and 
(b) odd- mode capacitances 


Cg 

I — 1 1“ 




Fig. B2 Representation of gap by capacitive 
TT-netwark 
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is the characteristic impedance of the stripwidth W^. 

^ga °dd-mode capacitance for the fringing field 

across the gap in the air region, and is given by 


o _ K (k’) 

C ga ” e o K (k) » k ~ 


S/h + 2W/h 


(B.8) 


where W is the mean value of the stripwidths, i.e. 0.5 x 
(W^+Wg). The ratio of the complete elliptic function K(k) 
and its complement K(k') is found as 


K(k* 

Fk' 


t ln[2 LS u 

% 1 - fk' 


] 0 < k 2 < 0.5 


[B.9) 


0.5< )a ^ 1.0 


ln [ 2 i±Jt % ] 

L 1 - Vk 

C ^ represents the odd-mode fringing field capacitance 
across the gap in the dielectric region, and is calculated 


' 4 ^ m { coth (# } + °- 65 C f [ §7K 2 ^r +1 - 


e - 2 1 


(B.10) 

The value of C f is evaluated from (B.4) using the mean 
value of stripwidths. 
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